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HEIGHTS IN THE CHROMOSPHERE FROM FIXED 
AND MOVING PLATES 
By S. A. MITCHELL 
ABSTRACT 


The heights in the chromosphere from eclipse spectra with good definition and dis- 
persion are compared. With the fixed plafe, spectra were obtained with prisms by 
Campbell in 1905 (with two spectrographs) and by Davidson and Stratton in 1926, and 
with a concave grating by Mitchell in 1905. With the moving plate, Campbell obtained 
spectra in 1905 and 1908. 

The comparisons of the published heights show differences in zero-point and in 
scale. The four spectra with fixed plates show little difference in zero-point. On the con- 
trary, the moving-plate heights show the need of zero-point corrections. Both Ménzel 
and Mitchell find that it is necessary to add corrections amounting to 300 to 500 km to 
make the heights from the other spectra agree with those of the 1905 moving plate. 

The heights measured from any one spectrum may be reduced to the system of 
any other, or to a common standard, by applying corrections for zero-point and scale. 

The publication" of ‘‘A Study of the Solar Chromosphere,” by 
Donald H. Menzel, with an introduction by W. W. Campbell, is a 
contribution of the very greatest importance to both the theoretical 
and the observational sides of eclipse literature. On the observa- 
tional side, it is my opinion’ that the most valuable information con- 
cerning solar conditions that up to the present has come from the 
flash spectrum is the measurement of the heights in the chromo- 
sphere to which the various gases extend. Eclipse spectra taken 
without slit give the only direct means of determining these heights 
which have become of such great importance in many different lines 
of solar research. An accurate measurement of heights requires a 

t Publications of the Lick Observatory, 17, 1931. 

2 Eclipses of the Sun (3d ed.), pp. 247-298, 1932. 
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determination of intensities of the chromospheric lines. Both the 
heights and the intensities depend on the difficult task of securing 
photographs of the flash spectrum of exquisite definition and large 
dispersion. 

The heights given in the Lick Publication (p. 7) are from five dif- 
ferent spectra, as follows: moving plates in 1g00, 1905, and 1908; 
and two fixed plates in 1905, one in the ultra-violet, the other in the 
violet-blue region. In this beautifully elaborate publication, the 
heights from the different instruments are given in such detail that 
it is possible to compare the Lick heights inter se as well as to make 
comparisons with my own system of chromospheric heights pub- 
lished nearly twenty years ago’ and in the revised form‘ more recent- 
ly. Comparisons also may be made with the comparatively few 
measures of intermediate heights from the 1926 spectra’ of Davidson 
and Stratton. 

Menzel finds from his comparisons that each of the Lick spectra 
gives a different system of heights. The zero-point is different for 
each and in addition there are systematic differences in scale. He 
finds, for instance, in the common region of wave-lengths that the 
heights from the 1905 moving plate are greater than those from the 
other Lick spectra by 400 or 500 km, and are also greater than the 
heights from my spectra by approximately the same amount. The 
purpose of the present paper is to see whether a unified and har- 
monious system of heights can be obtained from the conflicting ob- 
servations. 

It is necessary to call attention again to the meaning of the heights 
derived from eclipse spectra, Menzel and the writer being in hearty 
agreement in their points of view. Whether with fixed or moving 
plate, the heights depend on measures made to the tips of the chro- 
mospheric lines. With the fixed plate, the spectral lines are crescent 
arcs, which in the moving plate are drawn out into lines. No matter 
whether the lines are curved or straight, the principle involved is the 
same. The visibility of the tips of the lines depends on a number of 
different factors. Of first importance, manifestly, is the freedom from 
clouds and haze at the time of the eclipse, and next in importance 


3 Astrophysical Journal, 38, 407, 1913. 4 Tbid., 71, 1, 1930. 


5 Memoirs of the Royal Astronomical Society, 64, 105, 1927. 
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comes the definition of the spectra, which in turn depends on many 
factors, the chief being exquisite focus. With slitless spectra the quali- 
ties of “‘seeing”’ are almost as important as good focus. It need hard- 
ly be added that the dispersion and the size of the solar image have 
great consequences. Increase of dispersion diminishes the number of 
blended lines and insures greater accuracy for the individual lines. 
It is interesting to note that the Lick chromospheric spectra and my 
own were all photographed with a focal length of about 60 inches, 
which made the crescent arcs have a diameter of approximately 15 
mm. Experience at eclipses has shown that mainly on account of the 
seeing it has been difficult to secure photographs of the flash spec- 
trum of exquisite definition with a focal length of 103 feet (with a 
21-ft. concave grating) or with a prismatic camera of twice this focal 
length. 

All measures of heights must be made on photographic plates (or 
films), and hence the speed of the plate is of vast importance. In 
comparing the performance of two spectrographs, the speed depends 
on the combination of spectrograph plus photographic plate, the 
faster combination causing a greater length of the crescent arcs and 
consequently a greater measured height. My own combination in 
I905 was a concave grating and Seed Orthochromatic plates. .The 
“blind spot in the green” is more evident on these plates than on the 
panchromatic plates now available for eclipse observations. At the 
extreme ultra-violet, the speculum metal of the grating and the silver 
of the coelostat mirror caused a selective absorption, and in addition 
the photographic plate became less sensitive, with the result of a 
diminished intensity and smaller heights. The method of calibrating 
the estimates of intensities throughout the whole spectrum is given 
in detail in Astrophysical Journal, 77, 1, 1933. Later, the method of 
calibrating the heights will be shown. In a similar way, the glass in 
prisms and lenses of the Lick spectrographs absorbed at the violet 
end of the spectra in the blue-violet region, thereby affecting both 
the intensities and heights. 

As is well known to spectroscopists, it is utterly impossible to 
measure the relative speed of two spectrographs simply by compar- 
ing their effective apertures, especially if one is a prism spectrograph 
and the other a concave grating. The light that falls on a grating is 
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divided between a reflected beam and many orders of spectra, while 
with a prism the light, except that lost by absorption and reflections, 
is all concentrated in one spectrum. It is even more difficult to com- 
pare the performances of two spectrographs when the results are 
published by two different authors. This is especially true when 
comparing the total number of lines in a given spectral region; so 
much depends on the criterion adopted by each author. For in- 
stance, take the region of wave-lengths 4000-4100. From the 1905 
Lick moving plate 250 lines are published, 230 lines from the 1905 
fixed plate, 149 from the 1908 moving plate, and 153 from Mitchell’s 
concave-grating spectrum. The details show that more than 30 
lines are published from the t905 moving plate and a dozen or more 
from the 1905 fixed plate which are not found in the two other Lick 
spectra. Mitchell had an entirely different basis of selection, as is 
stated in Astrophysical Journal, 38, 481, 1913, as follows: ‘‘Even 
many faint lines measured at least twice are not included |in the 
tabulated results], for it seemed unwise to increase the length of the 
tables by including lines which could not be more or less positively 
identified by comparison with Rowland.’ (See also Astrophysical 
Journal, 71, 10, 1930.) It might be added tha’ in the region under 
consideration, the 1905 and 1908 moving plates had two and one- 
half and five times the dispersion, respectively, of Mitchell’s concave- 
grating spectra. 

In order to derive a uniform system of heights in the chromo- 
sphere from the various measured values, it is necessary to make 
detailed comparisons, two and two, of the results derived from the 
different photographs of the flash spectrum. We shall start with the 
Lick published values of the 1905 moving (J) and 1905 fixed (//) 
plate. In Table I are given the differences in the heights in the 
sense J—J/. All values have the plus sign. Heights for the moving 
plate start at wave-length 3885. At the top of each column are 
found the heights in kilometers as measured from the fixed plate. 
In order to reduce the size of the tabular material, certain heights 
were combined together. For instance, heights of 250 and 300 km 
were combined, heights of 650 and 750 were combined and the 
column headed 700 km, etc. Means were taken separately for each 
hundred angstroms, and in each case the number of lines forming the 
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means is given. In the table is given a summary of the lines of the 
lower levels. In Table V are found the details of all of the individual 
lines of intermediate levels. At the left are averages taken for all 
lines with heights of 750 km or less. At the bottom of the table 
means are given, while in Table LX are given the means of all lines 
with heights from the fixed plate of 2000 km or less. 


TABLE I 


DIFFERENCES IN HEIGHTS BETWEEN LICK MOVING AND FIXED 
PLATES, 1905 ECLIPSE 


Region Mean 300 350 100 150 500 600 700 
3885-3909. . - 139 55 32 5 7 12 16 12 
312 312 346 402 350 207 310 155 

40007 4099 109 95 32 6 19 3 10 4 
375 301 410 433 391 390 283 215 

4100-4199 122 42 37 4 fe) 5 16 8 
339 331 340 508 431 342 366 292 

4200-4209 04 209 30 7 4 4 3 7 
308 331 303 287 342 310 183 249 

4300-4399 53 24 12 4 4 I 4 4 
344 344 366 380 432 330 192 310 

4400-4499... 43 17 12 I 5 2 I 5 
454 476 502 10 472 245 290 454 

4500-4509... 2 13 6 I 2 2 
403 414 618 590 és 80 | 645 

3885-45909... 644 255. | 10% 27 50 27 52 42 
352 | 351 375 377 409 315 298 270 


For 523 lines from 250 to 450 km, the average difference in 
heights, moving minus fixed, is +365 km; for 618 lines from 250 to 
650 km, inclusive, the average difference is +356; for 644 lines with 
heights up to 750 km recorded by the fixed plate the difference is 
+352 km; and for 692 lines with heights of goo km or less the differ- 
ence is +341 km. From the mean values given in the second line of 
Table LX, which include all lines with heights of 2000 km or less as 
recorded by the fixed plate, it is evident that there is a progressive 
march in the values of the differences /—J//, being in the neighbor- 
hood of 400 km for the smallest heights and becoming zero at 
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heights of about 1500 km as recorded by either spectrograph. For 
low heights, Menzel® finds a systematic difference of 400 km. For 
heights of 750 km or less given by the Lick fixed 1905 plate in the 
violet-blue region, we shall adopt the value 350 km, the heights 
recorded by the moving 1905 plate being greater than those on the 
fixed plate. This difference may be regarded as a correction for zero- 
point at the height of 500 km as recorded by the fixed plate II. 

From the means of the lines taken for each hundred angstroms, 
as found at the left of the table, it is evident the differences /—// 
are fairly constant at different wave-lengths except between \ 4400 
and X 4600, where the difference is 100 km greater than the average. 
When two quantities only are compared, it is impossible to know 
which is responsible for any systematic differences. 

The next comparison to be made is between the heights from the 
1905 fixed plate and those from the concave-grating fixed plate. 
Comparisons are possible over a longer stretch of wave-lengths than 
already given for /—J/. The heights at the tops of the columns in 
Table II are those from the concave grating. Differences are formed 
in the sense: Lick fixed plate minus concave grating, called 77 —CG, 
and means are given in the manner of Table I, together with the num- 
ber of lines involved. It is evident that there is some effect dependent 
on wave-length, the differences for each hundred angstroms being 
negative at the two ends of the common region of wave-lengths and 
positive in the middle. 

The means given at the bottom of the table show that there is 
little difference in zero-point for the lines of low level measured on 
the concave-grating plate and the 1905 fixed Lick plate. The means 
of 529 common lines between \ 3900 and 4599, where the focus 
for both spectra is best, show that the concave-grating heights for 
lines of 800 km or less give values 21 km greater than are derived 
from the fixed plate. For all wave-lengths together, the mean differ- 
ence is the slightly larger value of 63 km. We shall round off the 
value to —50 km for the difference 77 —CG for low levels. For the 
values given in Table IX for all lines with heights of 2000 km or less, 
it is found that the fixed plate gives intermediate heights that are 
systematically greater than those from the concave grating. At 2500 


© Op cit. p25. 
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km, however, the heights recorded by the two spectrographs are 
practically identical. 

Hence, if the heights from the 1905 moving plate are corrected by 
— 350 km to allow for zero-point in order to bring the low-level 


TABLE II 


DIFFERENCES IN HEIGHTS BETWEEN Lick FIXED PLATE AND 
CONCAVE GRATING, 1905 ECLIPSE 


Region Mean 350 | { 600 700 Sa 
3071-3799 71 3 5 5 16 sh -_ 
114 50 100 10 159 108 — 33 

3500-3599 I! 2 6 1d 32 5 50 
222 75 3 10g 252 20 — 285 

3900-3999 110 12 29 45 7 17 
121 53 145 130 36 — §9 

4000-4099. . 124 32 4 54 17 4 13 
3 sO 03 1023 62 25 — 20 

4100-4199 108 35 13 3 12 2 4 
Id 45 55 45 ri2 25 + 262 

4200-4299 110 I 43 10 44 8 2 I 
10 °) 53 95 31 202 383 | +200 

1300-4399 67 I 20 ry 20 11 2 “4 
44 100 dd 25 1d 214 425 +638 

4400-4499 59 13 15 11 6 4 2 5 
115 Q2 20 SO t 105 112 450 + goo 

1500-45909 20 Pe) Il 5 I 2 2 
33 50 55 | fore) 250 | 25 + 40Cc 

4000-47 30 20 3 II 3 7 2 2 
14! 3 2 53 200 | Tore) 500 

3071-47306 817 20 1Q2 61 238 152 27 118 
63 t QO 04 71 07 Pate) 57 71 

3990-4599 529 23 171 47 1Q7 98 22 40 
21 25 OI 55 45 7 75 +100 


heights from the two Lick instruments into agreement, 


then it is 


evident that the heights from the 1905 Lick fixed plate for inter- 
mediate levels are greater than those furnished by the moving plate 


and by the concave grating. Without now going into further details, 
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we shall make the comparison between the results from the 1905 
moving plate and the concave grating. 

The results in Table III give the differences: moving plate minus 
concave grating, or J—CG, all values being positive. From the 


TABLE II] 


DIFFERENCES IN HEIGHTS, LIcK MOVING PLATE minus CONCAVE 
GRATING AT THIRD CONTACT, 1905 ECLIPSE 


Region Mean | 300 350 400 450 500 600 700 800 
3885-3999... . gI aah a oe 19 a9 6 ‘7 
150 204. |... 167 | 169 257 | 130 
4000-4099. . | -e2 30 4 45 II 3 6 
207 207 330 273 194 100 215 
4100-4199.. ERS ss 4! 14 | 39 | 13 3 5 
289 |. 270 283 | 280] 355 263 378 

| | | 
4200-42099.. ae oP a eee 2 50 Lr} Sil 9 | 3 | 2 
Sa aa e e 
BEAT. esaists 140 216 221 | 233 | 452 | 650! 495 

| | 
4300-4309. . 86 |.. 4 28 a 26 | 11 3 4 
269 |e .52% 113 IQI 300 262 430 553 838 
4400-4499.. ; FOO! baive areal 5° 23 II I 0) 2 6 
341 239 | 344 | 459] 335 | 33 | 950} 507 
4500-4599. 71 a7 20 4 | 9 | I 2 2 
204 152 315 | 340} 432 | 400 179 850 

| 

| 
4600-4699. . 81 4 27 35 4 | 6 | 3 2 
252 168 157 208 | 440] 259] 507 050 

| 
4700-4799.. 64 | :2 31 13 | I Ge Ware o ah aillw ane nueva mela pt 
223 154 18 203 250 389 

3885-4799.. 841 | 16 140 258 60 210 gI 22 44 
209 158 195 266 324 268 303 306 309 
4000-4600. . 686 4 10g 233 59 184 |} 54 16 27 
235 108 199 204 325 274 395 407 523 


means given it is evident that there is an effect depending on wave- 
length. At the violet end the Lick dispersion is three times that of 
the concave grating, while at the red end the dispersion is about 
equal. Of more importance, however, for this comparison is the fact 
that the definition at both ends of the Lick plate is inferior to that 
in the middle. At the bottom of the table, the mean values show 
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that for 841 lines inside a stretch of goo A, from \ 3885 to A 4799, 
the moving plate gives heights for low-level lines 269 km greater than 
for the concave grating, while for the region of better definition, 
from 4000 to A 4599, the difference is slightly greater, 686 common 
lines giving the mean value of 285 km. For the low-level lines the 
zero-point difference J —J/ has been found to be +350, that for JJ — 
CG to be —50, which would cause the difference J —CG to be equal 
TABLE IV 


DIFFERENCES OF HEIGHTS FROM LINES COMMON TO Ig05 AND 
1908 MOVING PLATES AND CONCAVE GRATING 


DIFFERENCES I —CG DIFFERENCES CG —III 
REGION 

350 | 400 450 | 500 | 600 | 700 | 800 350 $00 | 450 | 500 | 600 | 700 | 800 
3973-40090. . Sa St SSSp (25) Sp 2 37; «= 5} 53} «25; 38 17 
295) 314] 279} 275] 254) 217 171} 210) 221] 292) 320} 442 

! | 
4100-4199 Sul .F 21) «2s “F4 2 4 25) -F2t °3 14 2 4 
328) 327] 396) 398) 440) 458 117} I13} 124] 221] 150} 238 

| | 

4200-4299... I} 30 | Ne 9 3 2 I 30 71 35 9 3) 2 
20| 249} 273) 248) 430) 650) 495) 230) 127} 69) 126 17 IO} 155 

4300-4399. . I 18} II IQ ra) 3 4 I 18} I! 19 9 3 
230) 234} 289) 303} 502) 553} 838) 130} 149] IIQ} 141} 27 Oo} 102 

| 
| > > > | > 
4400-4499 | 34} 20 5 9 5 2 S| 34) 20 5 9 5 2} 8 
| 322] 390} 392| 3602) 042} O50) 947; 55} 36) II Oo} 22] 235; 10 

| 
4500-4500. . aol -as 4} 8 I 2 ai 625) 6-22 4 8 I 2 2 
| 201] 379] 340] 428] 400} 170} 850} II9 1} 60} 74) 30] 75) 75 


Z| P53) 47) E5 63] 20) 37) 57| 153} 47] 157} 03} 20} 37 


3973-4599 5 7 
| 270} 310) 321) 312) 388) 408) 519] 83] 114] 97] 149) 166] 131] 248 


Negative values are printed in /talics. 
The differences in heights /—/// given by the two moving plates may be found 
from the tabular values by adding J—CG and CG—/I/I/. 


to +300 km, in substantial agreement with the value of 285 km just 
found. 

In forming mean values it is evident that the choice of material, 
or, in other words, the particular lines forming the means, will have 
a great effect on the derived values. Let us now make a comparison 
between the heights given by the two Lick moving plates of 1905 
and 1908 (denoted by ///) and the heights from the concave grating. 
In the comparison given in Table IV, the material is restricted to 
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just those lines which are found in all three spectra. The chief re- 
sult of the restriction is that many of the lines, particularly those of 
lowest levels, are not found in the 1908 moving-plate spectra, as is 
evident from the total numbers of lines in Tables III and IV. 

In the table it is found that from 534 common lines the difference 
I—CG is +335 km, J—J/// is +470 km, and CG—/TT is +135 km. 
The omission of the low-level lines makes the difference ]—CG 
greater than the adopted value of +300 km. Menzel’ finds +500 
km for the systematic difference /—J/7. A total of 594 lines com- 
mon to the three spectra for heights of 2000 km or less show the 
average difference J—J/J7=+504 km, ]—CG=+364 km, and 
CG—IIIT=+140 km. We shall round off to +450 km for the differ- 
ence /—J/I and to +150 km for CG—J//. Hence, reviewing the 
four spectra, we see that for low-level lines—namely, those of 750 
km or less from Lick 1905 fixed plate or 800 km from concave grating 
(and consequently with an average height of 500 km)—the differ- 
ences with respect to the 1905 moving plate and the concave grating 


are, respectively, as tabulated. 


km km 
I—IIT=+350 I—CG= +300 
I[—IIT=+450 II—CG=-— 50 
I—CG=+300 ITI—CG=—150 


In looking back over the differences given in Tables I-IV inclu- 
sive, it appears that when comparisons are made with the heights 
from the concave grating there appears to be a tendency for a 
systematic variation according to wave-length, the concave-grating 
heights being greater than the average in the region at the violet end 
of the spectra up to about A 4100 and less in the region AA 4300-4499, 
the effect being most pronounced in the limited region dX 4400 
4499. These systematic tendencies are most clearly evident in the 
values for the higher levels at the right of each table—for instance, 
in the columns headed 700 or 800 km. Similarly, it was found that 
in the region AX 4400-4600 the heights from the Lick fixed plate are 
systematically greater than the average of the values found from 
the comparison with the moving plate. Menzel explains the system- 
atic difference as due to the fact that the fixed plate was the faster 


[bid., p. 258. 
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combination. As explained above, the faster instrument, combined 
with perfect focus and good seeing, will permit the tips of the 
chromospheric lines to be traced to greater extents on the photo- 
graph and hence will cause the lines to show greater heights. Before 
attempting to find the complete explanation for the various system- 
atic differences shown in Tables I-IV, or to give an answer, for 
instance, for the reasons why the concave-grating heights appear to 
be greater in one part of the spectrum and less in another, it will be 
well to pass quickly in review the chief factors involved in securing 
successful eclipse spectra of the chromosphere. The points are dis- 
cussed in detail in the third edition of Eclipses of the Sun.® 

If the sun and moon were perfectly circular in outline near the 
points of second or third contacts, the difficulties of securing cor- 
rectly timed photographs of the flash spectrum would be greatly 
diminished. Lunar mountains and solar prominences greatly compli- 
cate the problem. Moreover, in 1905, eclipse observers did not have 
revised times of contacts furnished by Washington or Greenwich. As 
an example of the difficulties involved, we might cite the experiences’ 
of the Lick expedition under Campbell at the 1905 eclipse in Spain. 
Three spectrographs were employed. With the ultra-violet moving 
plate, the arrival of second contact seventeen seconds earlier than 
predicted resulted in the slit not being placed in front of the photo- 
graphic plate, with the consequence that the entire chromospheric 
arcs were recorded instead of the moving-plate spectrum which had 
been planned. At third contact with this instrument, the focus was 
poor. With the moving plate in the blue-violet region, the flash 
spectrum at second contact was missed, but that at third contact 
showed exquisite definition. With the fixed plate, a photograph ex- 
posed “‘three seconds before totality” gave the first flash, but ex- 
posures were made too late to catch the second flash. 

In addition to perfect definition, successful photographs of the 
flash spectrum require that the lowest levels, those closest to the 
photosphere, be reached. The great advantage of the moving over 
the fixed plate is that it makes less drastic demands on the exact tim- 
ing of the observations, the photographs with the former instrument 
showing the gradual reversal from dark to bright lines at the be- 


8 Pp. 247-298, 1932. 9 Publications of the Lick Observatory, 17, 3, 1931. 
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ginning of totality and from bright to dark at the end of the total 
phase. 

After the exciting moments of the eclipse are over, the developed 
spectra, if taken with fixed plate, give positive information not only 
regarding the lowest levels reached on the photograph but how long 
in time the exposure was from second or third contact. The lower 
the levels of the chromosphere photographed, the stronger the con- 
tinuous spectrum on which the emission lines are projected. 

At the 1905 eclipse, mountains, valleys, and plateaus on the 
moon, together with prominences on the sun, greatly affected the 
clear-cut character of the chromospheric arcs. The year 1905 was 
near maximum of sun-spots. The Lick expedition in 1905 at Alhama, 
Spain, was but a short distance away from where I was at Daroca 
with the United States Naval Observatory party. Hence the relative 
positions of the limbs of sun and moon at second and third contacts 
were little different at the two eclipse camps. Both reproductions of 
the Lick spectra (loc. cit.) in Plates VIa and VIIa taken at second 
contact show the chromospheric spectrum with the spectrum of the 
photosphere immediately below. The width of the photospheric spec- 
trum of the latter plate taken in the blue-violet region gives proof that 
the photograph was actually exposed ‘“‘three seconds before total- 
ity,’’ as the Lick record shows, provided we understand that ‘‘total- 
ity’ begins at the instant when the photosphere disappears. The 
width of the photospheric spectrum in Plate VIa shows that the 
ultra-violet plate must have been exposed five or more seconds be- 
fore totality. The difficulties of securing successful photographs of 
the flash spectrum are again evident. If the Lick observers had 
waited to make these exposures until the photosphere and the last 
Baily bead had entirely disappeared, photographs of the first flash 
might have been missed entirely. 

At the end of totality at this same eclipse, I secured a photograph 
of the flash spectrum which has been many times reproduced. An- 
other photograph of fine definition was secured one second later, 
which shows both the chromospheric and the photospheric spectra. 
Comparing my two photographs with the reproduction in Plate 
Vile, it is apparent that the Lick plate was exposed three to five 
seconds too late to photograph the second flash spectrum. The re- 
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productions e, f, and g of Plate VII show the shallow valley on the 
moon’s edge which I have described in an earlier publication." The 
characters of the lines in all three Lick reproductions and in my own 
spectra show the floor of the valley to be very level. The lines of the 
highest level, like the hydrogen series, are clean cut in appearance, 
showing no abrupt mountains. At second flash, unlike the appear- 
ance at first flash, the chromospheric arcs were remarkably free from 
the effects of prominences that might affect in a systematic manner 
the heights derived from the measurement of the lengths of the 
chromospheric arcs. 

The Lick reproductions at first flash show a valley on the moon’s 
edge fairly similar in the length and in the depression of the floor 
to that shown at second flash. As stated, this valley permitted the 
photospheric spectrum to be photographed immediately below the 
chromospheric spectrum, while just above the flash spectrum is 
shown an extended prominence group. With the flash spectrum thus 
flanked by photosphere and prominence, it must have been an 
excessively difficult task to determine heights from the measured 
lengths of the chromospheric arcs. One would suspect that the 
prominence group would in all probability cause systematic errors 
in the heights of the intermediate and high levels, making these 
heights too great. This prominence group, however, would have 
little or no effect on the heights of the lines of lowest levels. 

Judging by the strength of the continuous spectrum on which the 
emission lines are projected, as shown by the different photographs 
of the flash spectrum with fixed plates at the 1905 eclipse, it would 
appear that the violet-blue plate must have reached a level closer to 
the photosphere than that in the ultra-violet region and that my 
own spectrum recorded lower levels than are found on either of the 
Lick fixed plates. At this eclipse, the moon was covering (or un- 
covering) the chromospheric arcs at the rate of 300 km per second, 
so that the systematic difference of 50 km found in the heights of the 
low-level lines of the concave grating compared with the violet-blue 
fixed plate represents the minute difference in timing of one-sixth 
of one second. Apparently, therefore, with good definition with 
the fixed plate it is possible to reach levels quite close to the photo- 
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sphere and hence to determine heights from chromospheric arcs com- 
paratively free from errors in zero-point. Moreover, the scale of 
heights can be well determined, provided the chromospheric arcs are 
not too much broken up by lunar mountains and solar prominences. 

On the contrary, the moving plate is subject to much greater 
errors in the determination of zero-point and scale. With the moving 
plate at first flash, it is necessary to determine from the photo- 
graphed spectrum the level where the dark Fraunhofer lines are 
reversed to bright lines. As has been known since the flash spectrum 
was first observed, high-level lines are reversed much earlier than 
lines of low levels. Manifestly, the level of the photosphere lies 
close to the level of reversal of lines to the very lowest heights. This 
level must be decided on by the person discussing the spectrum, and 
the location of this level will depend on his judgment and experience. 
After deciding upon the zero-point, the scale of heights must be de- 
termined on the assumptions that the rate of motion of the plate is 
known with great accuracy and that this motion is absolutely uni- 
form. Under the temporary and hectic conditions of an eclipse 
expedition, it is always difficult to know whether any mechanical 
appliance will perfectly perform its designated functions. 

An additional cause of uncertainties affecting the heights from 
the moving plates is found in the fact that the slit, or slot, placed 
immediately in front of the photographic plate permits the image 
of 300 km of chromospheric vapors to be projected on the plate at 
one time. Measures of heights made on the moving plate to the tips 
of the lines give an integrated effect"' over heights of 300 km, and 
hence the individual heights are subject to some uncertainty. 

From the comparisons made above, it is not surprising to find for 
the 1905 eclipse that the zero-point of the Lick fixed plate in the 
violet-blue region agrees so closely with that of the concave grating. 
Nor is it surprising to find that the moving plates at both the 1905 
and 1908 eclipses show unmistakable evidences of the need of zero- 
point corrections. In making comparisons for zero-point, it will 
clearly be best to confine attention to the lines of low level. The 
accidental errors, in kilometers, for lines of small heights are less 
than for lines of higher levels, and, moreover, the number of lines 


«Cf. Dunham, Publications of the Astronomical Society of the Pacific, 44, 111, 1932. 
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involved is much greater. In Tables I-IV, comparisons are made for 
lines of heights of 750 km or less from the Lick fixed plate, or 800 
km from the concave-grating measures. Hence a close approxima- 
tion to the zero-point correction will result from the comparisons of 
low-level lines. The progressive differences shown in the compari- 
sons of lines of higher levels will be taken up later. 

Still confining our attention to the common region of wave- 
lengths, there are giver. in Table V all lines of intermediate levels, 
with heights recorded wy the concave grating between goo and 
2500 km, inclusive. The tabular values are confined to the region 
of best definition, between \ 3885 and 4599. To allow for zero- 
point corrections of the Lick moving plates, 300 km were subtracted 
from the 1905 published heights and 150 km added to the 1908 
results. The heights from the three fixed plates are given without 
corrections, the 1926 values being those of Davidson and Stratton 
from spectra taken with prismatic camera. At the bottom of the 
table are given 8 strong lines, all from 77 11, which are measured 
to 2500 km by the concave grating. It is interesting to note that 
for the uncorrected heights from these particular lines, the 1905 
Lick measures from both moving and fixed plates differ little from 
those from the concave grating, or from the 1926 spectra, while the 
1908 heights differ consistently from all of the others. 

In Table VI is given a summary of the differences found in Table 
V in the sense: concave grating minus Lick. These are divided into 
different regions of wave-lengths. In the region of longest wave- 
lengths, means are given both excluding and including the eight 
Ti 11 lines found at the bottom of Table V. The differences are given 
in the sense: concave grating minus Lick corrected. There are only 
20 lines of intermediate heights found in the 1926 plate, taken with 
prismatic camera, within the confines of wave-lengths in Table V. 
The 1926 heights average only 30 km greater than those from the 
concave grating. The large difference of 800 km found for one line at 
\ 4314 would more than account for this difference. Table VI not 
only gives the differences of each Lick plate from the concave grat- 
ing, but also furnishes a comparison of the Lick heights among 
themselves. 

After applying systematic corrections of —300 km and +150km, 
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TABLE V 





INTERMEDIATE HEIGHTS (g00--2500 KM) IN REGION AA 3885-4600 





Wave-Length | Element | CG | I Il II 1926 

3886 . 30 | Fet-Lam | 1500 | 1130 | 2300 | 
3895.67. | Fer | 1200 | 1030 | 2150 
3809.72. Fet | 1200 | 1030 2300 
3900.54 Ti i | 2000 | 1520 | 2300 
3913.55 | Tiu-Fe1t | 2500 | 1780 2400 
3920. 27. | Fer 1200 | 1030 | 2150 
3922.92 | Fer | 1500 | 1120 2300 
3927.97 Fe! | 1500 | 1280 | 2300 
3930.31 | Fe | 1500 | 1570 | 2150 
3938.37. | Mgt- goo | 750 | goo : 
3044.02 | Alt | 2000 | 1110 | 2300 ae) 2800 
3901.54. | Alt 2000 | 2060 | 2850 | 1050 | 1600 
3904.73. Hétl....:. 1 | xr110 | 600 | e 
3982.56. | Vu-Tit | g00 | 920 | 1000 | 650 
4005 . 26 | ex | 1000 | 1080 | 1000 | 720 
4005.71. . re ee | 1000 | 830 | 850 | 630 
ee eee | Her ee A eee ere , | 
4012.30. | Tiu-Ceu | 1500 | 1240 | 2150 | 780 
4030.77... | Mnt | 1000 | 1760 | 2300 | 990 
4033.08... | Mnt | 1000 | 1600 | 2400 | goo 
4034.49 Mnt | tooo | 1560 | 2300 ORD. Rev. 
4045.83 Fe 1800 2140 | 2900 | 1380 2000 
4063.61. Fet 1500 | 1940 | 2800 1270 1500 
4071.75 Fel | 1500 | 1810 2700 1200 1300 
4120.81. Het | 2500 1960 | 1200 | 1350 | 2500 
4132.07 Fer | goo | 1220 | 1850 | tI010 
4143.77. | Het-Fet | 2000 | 1860 2150 | 1050 2500 
4149.24 | Zri-Fer | goo | 1080 | 2000 | 780 
4161.14... | Zru-Fet | goo | 920 | goo 710 
rt) re Tiu-Fet | geo | 9g20 | ~ 600 
4163.66... ..»| Yeu-Cri | 1000 | 1700 | 2400 | 1130 
4108.97. aah WE | 1000 | nae ' Lis 
4171.g1 Titt-Fet | 1000 | 1400 | 2150 | 970 
4173.46.... _.| Tiu-Fetr | 1000 | 1280 | 2150 | 1070 | 1000 
4177.58... ...| VurFert | 1000 1470 2000 | 420 |.. 
4178.86. ... | Fer | tooo | 1370 | 1650 | 420 | 1000 
606.68... 5. 0-5 5.6.00) CO goo | 570 | 400 | 400 
4187.05 at Ones | goo | 1030 | 1150 750 
4187.77 | Fer | goo | 1030 | 1250 | 750 
4202.04.. | Fet goo | 1340 | 2150 | 1140 
CEE 3: een (ee F 2200 | 1990 | 2300 | I410 2100 
6035-85.0......:5505] BORE | oO | tife 1250 | 910 | 
eS eee me | goo | 1210 1300 | 780 
4250.81..... 2:30 ARES | goo | 1320 1300 | 950 
ee ETE E tne | 1500 | 2340 2400 | 1630 
Pie) ee | Fer 1000 | 1700 2150 | 1340 
Pe, eee oe | 1500 | 1880 2150 | 1230 
4274.75. +0 -ee sees eee | Cri-T11 | 1500 | Ig00 2150 | 1500 

280.3 
por 4 | ~. 1500 | 1930 2400 | 1500 
4200.23... aol et 2000 | 1930 | 2400 1200 
4294.12... ..| Tim-Fe1 2000 | 1910 | 2500 | 1500 
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TABLE V—Continued 

















Wave-Length | Element CG I II Il 1926 
AGO os 5) select | Tin | 2000 | 2060 | 2400 | $6 Ws. crocs 
AAO ORs. 6 enzo Ti | 1200 | 1410 | 1150 O08) Psawie. 
pS ee eee Ca1-CH goo | 1410 | 1150 g60 Gee ae: 
ABORTED f 5:10 :0 ace sled Fe | goo | 1180 |} 1150 ri © dl ape tees 
PG ee? Tiu-Cat | 2000 | 1900 | 2400 ices | Fe ornare 
ARE OO ening wigs cisyntons Tia | 1200 | 1750 | ZESO | REG Eo. acres. 
BAVA OD ies 5.9 Sain'ebccs cet ee | 1200 | 1830 | 2150 | 1210 | 2000 
A3T5.02... sevaces|  24U-Fet | r200 | 1830 | 2150 CIOs) bess aa 
ARGO BAS cans. a:50 aioe | Scu-Tim | 1500 | 1870 2400 1440 1600 
ASAE SOC sliacs ineieishoemars | Sci 1200 | 1230 1150 g60 2000 
Pe | oy | ee ne er 1500 | 2000 2150 EGIGS boo cones 
BAR TIROR winter ies aees Ti u | 2000 2100 2300 BOAO Po cn: 
ASST BE cea cacccsar| MCLEGrL | 220m | - taco 2400 W250) beecasee 
py Oy ee | Sciu-Fet 1000 | 1580 | 1150 BE Dass oataets 
ASA. O56 aeais:s ey Yu-Mni | 1000 | 1820 | 2150 ho a) Oe 
ABBSCSO%s Givi ecoteeral Leo | 1600 | 2150 2300 1680 2000 
AAS Fe OF a5 S aces. oarran [ene | 2000 | 2070 1850 1680 2000 
Oe ree, | 1200 | 2010 2400 a ree 
PPC Be | are? | Zvi | 1200 1780 | 2400 EAN Vi ea weess 
4450.44......0...0.. FemeRet | tooo | 1630 | 2990 | 3080 [1 ....... 
AION Bie karate oie clavate | Fer | goo | 1600 | OOO) } 1260 |........ 
Pi a: ee Ore | Feu-Tit | 1000 1780 | 2150 | TAI bec es 
PGMS «, rivsic 5 ersten | Baw | 2000 | 2160 | 2650 | 1910 2000 
Pee ee oe | Fem | tooo | 840 | 1150 | Tt Ok rere 
AROS AQ 26. 82 o/c1k minacedes | en | 1500 1680 | 1650 | 1090 |........ 
ye he ere ay ‘ell 660. | ZIGO {| 2590" | E956 [once ccc. 
AGA AU =, cvchs sraverwrcinen | ie | 1000 1640 | 750 1? or a) eee ee 
ABOOW OO. ta0s a aicpararnat ans vil | Io0O |} 1560 800 TARO Wo eewe ses 

meer , - 
te of, a ee ae Ti u-V 1 | 2500 | 2200 | 3000 1980 2700 
SAAR AE. pics otevens | Tim | 2500 | 2180 | 2850 fo 2100 
MADER Oo s.2 5s per audeitys | 20 2500 | 2120 | 2300 FSG Ps ana oa 
BROW BO onic 48m vw ras | Titi | 2500 | 2140 | 2500 YO Mae Serene 
Co re Ti u-Fe ut 2500 | 2100 | 2400 2150 2100 
BALI OO a fons x bsaresx is siee | Yim-Fem | 2500 | 2150 | 2850 1970 2400 
AE OB JT finta's ooo aisemiee | Tin | 2500 2120 | 2400 | 1530 |........ 
ASAT OS icici, 0 sczrers ions | 20 2500 2180 | 2300 | Ly > aa Ee see 


respectively, to the moving-plate heights of 1905 and 1908, it is 
seen that the concave-grating heights throughout the whole region 
of wave-lengths differ little from either of the moving-plate systems 
of intermediate heights, but agree quite perfectly with the mean of 
two moving systems. If the systematic differences are not applied, 
the differences for all lines for the concave-grating heights are 
changed to — 463 km and +368 km for 1905 and 1908, respectively, 
and the concave-grating heights still agree nicely with the mean of 
the heights from both moving plates. 

In Table VI, the differences for the 1905 moving plate show a 
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remarkable change in sign at \ 4000, while those for the fixed plate 
are fairly constant in size. Menzel explains the greater heights of 
the fixed plate as possibly due to the greater speed of this instrument 
and to the poorer definition of the moving plate at its violet end. 
Before pursuing the subject further, it is desirable to make com- 
parisons with the heights determined from the Lick plate in the 
ultra-violet region obtained by accident on a fixed rather than on a 
moving plate. 
TABLE VI 
SYSTEMATIC DIFFERENCES IN INTERMEDIATE HEIGHTS BETWEEN 
CONCAVE GRATING AND Lick HEIGHTS 








| 
Average — | vo — 
Wave-Length Pea el rte Moving | _ Fixed Moving Remarks 
Grati Plate | Plate Plate 
rating 
| lo | 
3885=3000...5-02.5| T§O7 | we | --adr | —422 | 
| = 2c —_ ? | 2 ez 
4000-4299 | 1254 | 35 | —243 | 623 | +24 . w" 
A300-45090...;- | 1318 | 28 —422 | 532 15 Excluding 771 
| | & 
| | lines 
4300-4599 | 1581 36 | —251. | —430 +155 Including 7iu 
| lines 
3885-4599....... 1434 | 85 —163 | —508 | +218* | 


* Only 71 lines are found in the 1908 moving plate 


From statements given in the Lick publication, it is evident that 
the definition of the ultra-violet spectrum was inferior in quality 
to that of the three Lick spectra in the blue-violet region. Referring 
to this plate on page 6, Menzel states: 

Owing to poor definition, I do not place any special emphasis on the estimated 
intensities which, I suspect, are particularly ragged to the violet of X 3500 and 
which are probably inferior to either Mitchell’s or Davidson’s and Stratton’s. 

Again, on page 7, there is the statement: 

Though an attempt was made to put the estimates [of intensities] on a more 
or less uniform scale, the results are not very satisfactory. The different dis- 
persion, absorption of the prisms and lenses, varying quality of focus, etc., have 
introduced systematic errors of considerable magnitude. The ultra-violet 
intensity scale, in particular, appears to be much too small. The reader is 
warned against comparing too closely the intensity estimates from the different 
plates, especially for widely separated spectral regions. 

From what has been said in the foregoing, it is evident that if the 
ultra-violet definition is ‘‘ragged,” the heights also must be inferior 
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in quality. The difficulty found by Menzel in reducing the ultra- 
violet plate to the system of the Lick plates in the blue-violet region 
is that there is practically no overlapping of spectral regions which 
would allow direct comparisons to be made of intensities and heights. 
The Lick fixed plate in the blue-violet region does overlap for a 
short distance, but on account of the absorption of the glass prism 
in the common region the intensities and heights from the blue- 
violet plate are diminished. For what they are worth, the compari- 
sons of the heights from the two Lick plates give the following: For 
32 lines of heights 800 km or less as measured by the blue-violet 
plate, the heights of the corresponding lines of the ultra-violet plate 
are on the average 380 km greater. For all common lines (omitting 
the hydrogen lines) the ultra-violet plate gives measures of heights 
for 47 lines, 550 km greater, and (including the hydrogen lines) the 
heights average goo km greater than in the blue-violet plate. It is 
evident that on account of the few lines involved the results from 
such a comparison have little meaning. 

To reduce the ultra-violet system to that of the 1905 moving 
plate in the blue-violet region, Menzel is forced to make the com- 
parisons between the ultra-violet and the blue-violet regions in- 
directly by means of ‘‘theoretical intensities’ derived from the 
known multiplet structure of the various atoms. The first sentence 
of the last paragraph of Menzel’s statement on page 260 should be 
amended to read: ‘‘If it were not for inequalities of absorption in 
spectrographs, transparency of sky, definition, exposure times, sensi- 
tivity of plates, etc., lines of the same theoretical intensity should 
extend to the same height, no matter what instrument is used.”” The 
statement on page 260 that “‘the ultra-violet plate, however, appears 
to be a trifle stronger, due in part to the high transparency of the 
lens and prisms,’ seems to conflict with that on page 7, that ‘‘the 
ultra-violet intensity scale, in particular, appears to be much too 
small.’’ Hence (on p. 260) Menzel applies ‘“‘an additional factor of 
2.5" to log 7, or a factor of 300 to the theoretical intensities, in order 
to make the ultra-violet plate conform to the system of the 1905 
moving plate. After adjusting several curves to fit one another, he 
found that ‘it was necessary to make the zero height of the ultra- 
violet plate coincide with the 500 km height of the other plate.” 
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The means of readily combining the Lick ultra-violet plate with 
the three other Lick plates in the blue-violet region is found in com- 
parisons with the results from the concave grating. The very great 
advantage of the concave grating, as used by Mitchell in 1905, in the 
problem of securing a uniform system of intensities and heights is 
that the flash spectrum was photographed with perfectly clear skies, 
by one simple instrument, at one time and on a single film with a 
constant dispersion at all wave-lengths from \ 3318 to the D lines. 
Variations in “‘seeing”’ are eliminated. If the heights from the con- 
cave grating are too low—for instance, at intermediate levels—these 
systematic deviations, which might possibly be caused by mountains 
on the moon, will be constant for the concave-grating spectra at all 
wave-lengths. Hence the comparisons with the heights by other in- 
struments at different wave-lengths should reveal any such system- 
atic errors existing in the concave-grating heights. 

With the concave-grating spectra, variations in focus, in sensitiv- 
ity of plate, and in absorption in the instrument at different spectral 
regions can be allowed for by means of the calibration of intensities 
published in the Astrophysical Journal, 77, 1, 1933. With this in- 
formation, a calibration of heights may be derived by means of the 
density gradients. For instance, it follows from Figure 4 of that 
paper that it requires three times as many atoms at Xd 3500 as at 
d 4000 to produce a line barely visible on the spectrum (i.e., the log 
of the number of atoms is greater by 0.5). Then from column 6 of 
Table III of the same paper, we can immediately find the amount by 
which the height is affected. Suppose the focus as good, the instru- 
mental absorption the same, and the photographic plate as sensitive 
at X 3500 as at A 4000, then a line at \ 3500 which was observed on 
the actual film to a height of 500 km would have been visible in this 
ideal case to 800 km. This follows from Table III, since log E,,. —log 
Exo =0.5, approximately. Similarly, a line actually measured to a 
height of tooo km at 3500 would have been observed to have 
reached the greater height of 1400 km, if focus, sensitivity, etc., had 
been the same as at A 4000. Table VII has been computed by the 
foregoing method. 

With Mitchell’s concave-grating spectrum, the focus was not as 
good at 3500 as at X 4ooo, the instrumental absorptions were 
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greater, and the film was less sensitive. All three factors combined to 
diminish on the photographs the lengths of the chromospheric arcs 
and hence the measured heights. Thus from the table it is seen 
that a line at \ 3700 observed to a height of 1500 km would actually 
have reached a height of 1800 km on the scale of heights found at 
d 4000. 

In carrying out the comparison between the heights from the Lick 
ultra-violet plate and the concave grating, a start was made with 


TABLE VII 
HEIGHTS FROM THE CONCAVE GRATING AT VARIOUS WAVE-LENGTHS 


CONVERTED TO THE SCALE OF HEIGHTS AT \ 4000 


| | 
| 

| 
| 

| 

| 


Observed Height | 3300 3500 3700 3900 1100 | 4300 | 4500 | 4700 
SOG: «+s ce) FOGG S00 700 | 550 500 500 | 500 500 
TOGO. ici cavcccet FSCO | I400 | 1250 | 1100] 1000 | 1000] 1000] 1000 
1500 reel 2200 | 2050 1800 1600 1500 1500 | 1500 1500 
2000. . .| 2800 


| | y 
2600 2300 2100 | 2000 2000 | 2000 2000 
| | 


the Balmer series of hydrogen in a region where the definition of the 
ultra-violet plate is the best. Heights are given by both concave 
grating and ultra-violet plate for all lines in the series between HX 
(or H,;) at \ 3734 and H,, at \ 3656. The height from the concave 
grating for Hd is 5600 km and for H,, is 500 km. Two of the lines 
of the series 7,, and H,; are blended with other lines and are omitted. 
For 23 lines which give a very great range in heights, there is a 
surprisingly excellent agreement at all heights between the indi- 
vidual results from the concave grating and the Lick plate. The 
latter average 135 km higher than the former. 

With this excellent agreement in mind, I was greatly surprised, 
in carrying out the detailed comparisons for other lines, to find that 
practically all of Menzel’s heights were systematically greater than 
those from the concave grating. The detailed comparisons are not 
given, but in the next to the last line of Table LX are found the 
average differences in the sense: ultra-violet minus concave grating, 
all differences being positive and the numbers of lines involved being 
given immediately above. The detailed comparison showed that 
there is no progressive change in the differences with wave-length, 
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the means in the various columns of heights being about equal on 
each side of \ 3500. The weighted means show that for the total of 
252 lines with heights of 750 km or less, as recorded by the concave 
grating, the difference in height between ultra-violet plate and con- 
cave grating is +44 km. This, which may be regarded as the error 
in zero-point and may be rounded off to +50 km, is small in size. 
A total of 332 lines with heights of 800 km or less (by the concave 
grating) gives the average difference of +150 km, and the mean of 
all 425 lines of all heights gives the difference of +360 km, the ultra- 
violet plate giving the greater heights. In Table IX, the next to the 
last line giving the differences UV —CG in kilometers shows that 
there are pronounced systematic differences in the scale of heights 
for the two instruments. 

Comparisons have now been made between the heights in the 
common blue-violet region furnished by the three Lick spectra and 
the concave grating. The large numbers of lines involved in the com- 
parisons for low levels found in Tables I-IV, together with the fact 
that lunar mountains and solar prominences had little disturbing 
effect on these low levels, caused accidental errors to be diminished 
in size. The systematic differences shown in Table VIII are inter- 
esting when compared with the definition of the three Lick spectra 
in the common region. At the right of the table are the relative 
weights furnished by Menzel.’ On the same scale the weight of the 
concave-grating spectrum is estimated as 2 to the violet of \ 3900 
and 3 to the red of this wave-length. The values in Table VIII, 
taken together with the details in the earlier tables, show that im- 
provement in definition causes increases in heights. For instance, 
the differences /—JJ and J—CG found in Tables I and III, for 
100 A at the violet end are algebraically less than the average, as is 
also the case for /—CG at the red end, the cause being the relatively 
poorer definition furnished by the 1905 moving plate. The com- 
parisons JJ —CG in Tables II and VIII show that the concave grat- 
ing gives relatively greater heights at both ends of the spectrum 
where the definition of the 1905 fixed plate is relatively poorer. 

The comparisons just made have an interesting bearing on the 


2 Op. cit., Pp. 7. 
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TABLE VIII 


SYSTEMATIC DIFFERENCES IN LOW-LEVEL LINES DEPENDING 
ON WAVE-LENGTH 


| WEIGHI 
REGION I-II II-—CG | I-CG |lWI—-CG| I-Ill 
I II Ill 
3071 3799 | : 7! 3 I } 
| —1r14 
3500-3599 Eis I Jrtceees 
— 224 | 
3900-39099 , 1390 110 gI 2 a Awvnwaes 
-3r2 121 +180 
4000-4099 109 124 102 145 145 3 2 | 2 
375 53 207 | —252 | 1528 | 
| | 
4100-4199 122 108 115 go 9? 3 2 2 
+339 | + 18 | +289 | —141 | +513 | 
4200-4209 04 110 122 87 87 3 2.) 2 
+308 | — 10 | +254 —- 109 +395 
| 
4300-4399 53 | 67 50 05 95 3 os 5) 2 
+344 | + 44 | +208 107 | +459 
4400-4499 43 56 109 86 86 a 6S. eg 
+454 | +115 | +341 | — 29 | +450 
| | 
4500-4599 24 | 20 71 61 61} 3 e fF -@ 
j | » | ’ | | 
F463 | — 33 | +294 | — 67 | +308 | | 
| | | 
4000-4699 20 81 By 3 I 
—I4r | --252 
4700-4799 | 64 2 <n Bees 
1223 } 
3885-4599 : 044 | eh! Tl er eee eee ee ore erie a eck chee 2 
| 9cp | — 
| +352 | 21 
| 
3071-4730. hy a every Precrreen| mi ween re Wer er! caret meee. 
| — 63 | 
| | 
»O~ ED | | > 
3955-47909 ; ee : : . o4I : Se ey Ore 
| + 2090 | 
4000-4599 686 534 534 es eee 
+ 285 135 | +470 
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heights furnished by the different spectra for low and intermediate 
heights as given in Table IX. At the tops of the columns are heights 
from the 1905 fixed plate for the differences (J—J/), but from the 
concave grating for all other differences. In the first horizontal line 
of each comparison is given the number of spectral lines involved in 
taking the mean, which is given in the second line in each case. 
From these mean heights, it would be possible by least squares to 
derive corrections for zero-point and scale in order to reduce all 


TABLE IX 


SUMMARIES OF HEIGHTS WITH REDUCTIONS FOR ZERO-POINTS AND SCALES 


Differences in sii ‘ mp 7 a . co 
4 ‘e) 500 600 700 300 goo I000 I200 I500 


» we 4 
Heights , 2 ee 
I-II 285 161 27 50 27 52 42 18 30] Tg} 4 9 14 
+351/+375| +377| +400] +315| +298) 1-276] 1154/7224] 269)+ 275 40 320 
149) — 12/4 Zi A7i— 3S 29\=— 24) —Igti— 20 A4i- LOC Zea 301 
| | 
IIT-—CG 29| 192 61 238} 152 27 118 I5 18 12 rf 12 
Q|— 64|/— 71)— 67)/— 80/4 57|/— 71|1323|--004) + 727/- 775) 367 
1134) 30) 4 4;—- I17]/— Sol 7) —171| 7-173] 1404) + 427/47 325 313 
} 
I-CG | 16| 140} 258 60} 210 QI 22 14 r5| 18 12 16 12 
+158] +195| +266/ +324] +268) +303) +360) +369) +517) +095} + 557) 540) 1+ 157 
921— 67i— 9 = 221— 22 16O;— 6 EI7) 270i 112|— Io}— 483 
| 
| 
I-III 57| 153 47| 157 63 20 37 15 18 8 12 9 
353 124 418) +461 554| +539| +767 503/+815 862 115 118 
— 2 24|/- 7 Il 54|— I! 167| —147| +115 62 30] — 
. | | | | 
III-—CG 57| 153 47| 157 63 20 37| 5 18} 8 12 9 
= 33 114|— 97|—149| —166| —131] — 248] —330| —301]— 321]}— 452|— 917 
a01- Ti ALE rit Olt OO]— 23/— 80] — 26|-+ 4] — 52 302 
| 
UV—-CG 103 72 75 82 oa 24 33 27 
33 + 50 55 471) 700] +1023} +1489| +1150 
83 ie 121 150 73 439 4 


measured heights to some common standard. It did not seem worth 
while to go to the bother of a least-squares reduction. The zero- 
points found in the earlier part of this paper were taken to represent 
values at the 500-km level. By graphical methods or by inspection, 
corrections for scale were found. On account of the fewer lines of 
the intermediate levels involved and also on account of the larger 
accidental errors in these heights, no great accuracy was anticipated. 

There are assembled in Table X the differences in zero-points. 
Menzel’s values refer to the lowest levels involved, while Mitchell's 
give the values at the 500-km level. The comparisons of the various 
spectra furnish values of the scale of heights, also given in Table X; 
the negative sign in the comparison /—J/ signifies that the 1905 
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moving plate gives heights 25 per cent less extended than those of the 
1905 fixed plate. Hence, if J and // indicate the heights measured 

TABLE X 
DIFFERENCES IN ZERO-POINTS AND SCALES 


ZFRO-POINT DIFFERENCES 


DIFFERENCE N 
se IFFERENCES 1 


SPECTRA COMPARED ae OF 
Menzel Mitchell PER CENT) 
| Poe Uae ae | +400 + 350 — 25 
| earn 500 gis nee 
= ae + soo 4250 
E- CG: .:. ; L200 ua 
FE—CG. oo sass “ ee 
i ae Fe i= 
OV —CG. oo s563 ae L so ‘uae 
1026—CG. ao e 30 


in kilometers at any level of the two plates, respectively, then the 
one system of heights can be referred to the other by equations 


= [1+ 350—0.25 (II — 500) 


or 


[= 1I+475—0.25 II. 
Similarly, 

[=CG+175+0.25 CG 
or 

T=175+1.25CG. 


Hence the system of chromospheric heights from any one spectrum 
can readily be changed to that of another plate. 

For JJ equal 1500 km, the first or second equation gives to J the 
value //+100 km. Hence, subtracting 100 km from the observed 
differences at the 1500-km level amounting to +402 km, there re- 
sults the value +302 km in the third line of the table. Similarly, 
subtracting corresponding values for the various heights and the 
different comparisons, we shall have the values given in the third 
horizontal line in Table [X. These represent the residuals after 
applying corrections for both zero-point and scale. These residuals 
are much smaller in size than the uncorrected differences, thereby 
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indicating that it is possible to bring the Lick heights from the 
various spectra, no two of which give the same system of heights, 
into harmony with the heights from the concave grating and the 
1926 results from Davidson and Stratton. 

From Table IX it is evident that the uncorrected differences be- 
tween the heights from the two moving plates in 1905 and 1908, which 
amount to a maximum of nearly 1200 km, have been greatly reduced, 
the maximum difference after adjustment being 230 km. It is also 
interesting to note that the concave-grating system of heights lies 
midway between the systems of the two moving plates, being 25 per 
cent less extended than the 1905 plate and 25 per cent more extended 
than the 1908 heights. Except for one value at the extreme right of 
the table, none of the adjusted differences in the third line of /7/— 
CG amounts to as much as too km. It is also interesting to note 
that wherever the 1905 moving plate is involved in any of the 
differences, there is a break in the continuity of the tabular values 
between 1500 and 2000 km, thus showing" for the rgo05 plate that 
‘‘in the neighborhood of 1800 km the plate has experienced a slight 
acceleration similar to those so evident to the region of the con- 
tinuous spectra.” 

Comparisons have thus been made between the heights in the 
chromosphere furnished by six different spectra, four by fixed plates 
and two by moving plates. There is very little difference in zero- 
points for any of the fixed plates. Table IX shows that if corrections 
for scale are also applied, the system of heights from all spectra can 
be brought into harmony. The correction for scale depends pri- 
marily on the speed of the instruments used to photograph the flash 
spectrum and also on the character of the sky at eclipse time. As 
already stated in the foregoing, the speed depends on the combina- 
tion of the spectrograph and the photographic plate, together with 
the definition obtained in the particular flash spectrum. Compare, 
for instance, the two moving plates. The 1908 spectrograph had 
three prisms; and 1905 had only two. The additional prism by ab- 
sorption and reflection cut down the total amount of light falling on 
the photographic plate in any spectral region. Menzel states that 
the 1908 plate showed a ‘“‘graininess,”’ thereby indicating that the 


3 Menzel, op. cit., p. 258. 
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character of the photographic development coupled with the tropical 
conditions on Flint Island made the plate a slower one than that 
used in 1905. In that year the ‘‘seeing”’ was superb, probably much 
better than in 1908. In 1g05 the sky was covered" with thin 
mackerel clouds. In 1908" “less than a minute before totality the 
slender crescent of the sun showed faintly through the clouds, though 
a moderate rain was still falling. The rain and clouds grew rapidly 
lighter, and the last drops fell at two or three seconds after totality 
began... During the third and fourth quarters of totality, the 
sky was clear of clouds, but a thin haze could be distinguished.” It 
is possible, therefore, that the 1908 sky was no more transparent 
than at the 1905 eclipse. The definition of the 1905 spectrum was 
much better than at the 1908 eclipse. Hence there are many reasons 
why the measured heights from the 1g05 moving plate should be 
greater than those in 1908. In addition, changes in the activity of 
the sun might cause the chromospheric gases to ascend to greater 
(or less) heights at or near the points of contacts of the limbs of the 
sun and moon. Manifestly, one cannot speak with confidence about 
changes in solar activity until care is taken to eliminate or allow for 
instrumental causes that might alter in a systematic manner the 
observed chromospheric heights. 

The simplest explanation for the greater heights from the 1905 
moving plate when compared with the 1908 heights is the greater 
speed of the combination of spectrograph, photographic plate, 
definition, and seeing. The concave grating in 1905 photographed 
the chromospheric spectrum at the end of totality, as was also done 
by the Lick moving plate. It appears, therefore, from the compari- 
sons of heights that the concave grating was faster than the 1908 
instrument, but probably slower than the 1905 moving plate, except 
at the violet end where the speed of the Lick instrument was 
diminished through poorer definition. This result for the 1905 
eclipse perhaps is surprising in view of the perfect atmospheric con- 
ditions where Mitchell photographed, and the thin clouds experienced 
by the Lick expedition fifty miles away, but it must not be forgotten 
that a concave grating is not a fast spectrograph. On account of the 

4 Publications of the Astronomical Society of the Pacific, 18, 18, 1906. 


15 [hid., 20, 70, 1908. 
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good agreement of the system of heights from the concave grating 
with the mean of the heights of the two moving plates and with 
the 1926 heights from prismatic camera, the present writer can see no 
justification whatever for the harsh criticism expressed by Menzel 
on page 272 that ‘‘Mitchell’s heights for lines of low and intermedi- 
ate level are unreliable.” 

The greater scale of heights of the 1905 fixed plate compared with 
the 1905 moving plate in the common region of wave-lengths, and 
the still greater scale of the 1905 ultra-violet plate, might possibly 
find an explanation in Menzel’s suggestion that the fixed plate was 
faster than the moving plate in the common blue-violet region 
(which seems entirely reasonable) and that the ultra-violet was even 
faster still. The present writer unfortunately has not seen the 
original Lick spectra and he must form his opinions from the repro- 
ductions. The Lick fixed plates in 1905 were both taken at first 
flash. It therefore appears probable that the prominence group af- 
fected in a systematic manner the intermediate heights from both 
instruments, making the heights greater than they would have been 
if the prominence had not been projected on the tips of the chromo- 
spheric arcs. The effect might be greater for the ultra-violet plate 
on account of the ragged definition. The present writer can offer no 
explanation for the excellent agreement between the heights from 
concave grating and ultra-violet plate for the lines of the hydrogen 
series and for the large differences found for the other lines. 

The only extended systems of heights in the chromosphere from 
eclipse spectra with good definition and dispersion have been com- 
pared in the foregoing. Systematic differences depending on zero- 
point and scale have been found in the heights published from the 
different spectra. Whatever may be the causes of these systematic 
differences, it is evident that the simple equations derived will readi- 
ly permit all heights to be brought to a common standard. 

The surprising information revealed by the foregoing comparisons 
of eclipse spectra is not that there are systematic differences in the 
heights derived from the different spectra, but rather that these dif- 
ferences are so much smaller than might reasonably be expected, 
especially when it is remembered that the chromospheric heights in 
all cases depend on the difficult task of making estimates to the 


vanishing tips of spectral lines. 
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The story regarding chromospheric heights is not yet completely 
told, for there are other photographs of the flash spectrum awaiting 
discussion. At the April, 1930, eclipse, the Lick and Mount Wilson 
expeditions secured photographs. In October, 1930, the writer with 
two concave gratings obtained successful photographs of both the 
first and the second flash covering a large spectral region. At the 
1932 eclipse the Greenwich party at Parent and the Lick expedition 
at Fryeburg, through holes in the clouds, succeeded in photograph- 
ing the flash spectrum. A contact print on glass of the Greenwich 
photograph has been kindly sent me by Sir F. W. Dyson, and I am 
greatly indebted to Dr. J. H. Moore for sending me a print of the 
spectrum taken with fixed plate covering the region from \ 3300 to 
the red beyond Hf. Both spectra show excellent definition. The 
Greenwich spectrum was photographed at second contact and the 
Lick at third contact, the clouds at each location preventing photo- 
graphs at the other contact. Unfortunately, both limbs of the moon 
near the points of contact were particularly jagged. The Greenwich 
plate shows a sudden termination of the chromospheric arcs through 
the interposition of a lunar mountain, while the Lick spectrum shows 
the effects of two lunar valleys separated by a mountain peak. These 
rough spots on the moon’s edge will make it difficult to derive a 
consistent series of chromospheric heights devoid of all systematic 
differences. These latest photographs of the flash spectrum taken by 
skilled observers confirm the opinion expressed” that “it is more 
difficult to secure a perfectly successful photograph of the spectrum 
of the chromosphere than it is to obtain an excellent photograph of 
any other single phenomenon attacked by astrophysical science.” 

In view of the tremendous difficulties involved, at future eclipses 
it will be well to make use of both the fixed and the moving plates 
for the chromospheric spectrum. When the discussions referred to 
above have been completed and the results published, the question 
of the heights of the chromosphere can be raised anew. 

LEANDER McCorMIcK OBSERVATORY 
UNIVERSITY OF VIRGINIA 
December 1932 


% Handbuch der Astrophysik, 4, 275, 1929, and Eclipses of the Sun (3d ed.), p. 247, 


1932. 








INVESTIGATIONS ON PROPER MOTION 
EIGHTEENTH PAPER. THE PROPER MOTIONS OF 
TWENTY-ONE PLANETARY NEBULAE! 


By ADRIAAN van MAANEN 
ABSTRACT 


From photographs taken at the 80-foot focus of the 60-inch reflector proper motions 
were derived for fifteen more planetary nebulae, making a total of twenty-one nebulae. 
The mean interval between the old and the new plates is 12.22 years; the probable error 
of the mean motions is 00009 in a and o”oo10in 6. The results for the absolute motions 
of all twenty-one objects range from 0”002 to o%017, the mean being 0”007. The mean 
parallax derived from these results is about 00007, yielding an absolute photographic 
magnitude of +1.9 for the central stars and an absolute bolometric magnitude of —o.8. 


In Mount Wilson Contribution No. 406 proper motions were de- 
rived for six planetary nebulae; the work has been continued and 
results are now available for fifteen more objects. In all cases except 
N.G.C. 6894 and N.G.C. II 5217 four pairs of plates were measured, 
while for these two fields three pairs of exposures were available. 
The mean time interval for the objects of the present paper ranges 
from 10.73 to 14.51 years, with a mean interval of 12.22 years. As 
in the former paper, special care has been taken to make the differ- 
ence in hour angle between the new and the old plates as small as 
possible; for no pair of plates has the difference exceeded half an 
hour, while in the mean it was only 7™ with an algebraic mean of 
only —1™. 

Table I gives a summary of the material used. N.G.C. 7023 ap- 

t Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 463. The following ‘‘Investigations on Proper Motion” have appeared in the 
Astrophysical Journal: IV, Contr. 213, in AJ, 54, 237, 1921; V, Contr. 214, in AJ, 54, 
347, 1921; VII, Contr. 242, in AJ, 56, 200, 1922; VIII, Contr. 243, in AJ, 56, 208, 1922; 
IX, Contr. 255, in AJ, 57, 49, 1923; X, Contr. 260, in AJ, 57, 264, 1923; XI, Contr. 
284, in AJ, 61, 130, 1925; XII, Contr. 338, in AJ, 66, 89, 1927. The following “In- 
vestigations” have appeared in the Contributions of the Mount Wilson Observatory, but 
not in the Astrophysical Journal: 1, Contr. 167; II, Contr. 168; III, Contr. 205; VI, 
Contr. 224; XIII, Contr. 405; XIV, Contr. 406; XV, Contr. 407; XVI, Contr. 408; XVII 
(by van Maanen and Willis), Contr. 412. In addition to these, the following two papers 
on proper motions by van Maanen were published in the Astrophysical Journal: ‘List 


of Stars with Proper Motion Exceeding o”50 Annually,” Contr. 96, in AJ, 41, 187, 
1915; ‘Preliminary Evidence of Internal Motion in the Spiral Nebula M tor,” Contr. 


5» 
I, 


118, in AJ, 44, 210, 1916. 
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pears in the tables, although its motion was not included in the dis- 
cussion of the results, inasmuch as the object is not a planetary but 
‘‘a mass of diffuse nebulosity 12’ x 10’, surrounding a star of magni- 
tude 7.’ Table II gives for each field the co-ordinates of the com- 
parison stars and the mean relative proper motion for each of them. 
The probable error of a mean yp, is 070009; of a mean ps5, O.OOTO. 
Although the motions in both co-ordinates are in general very small, 
there is agreement in sign among all the three or four measures in 66 
per cent of the cases. When the mean value for yp, or ps is 07006 or 
larger, all the measures, except for one star, have the same sign. In 
the case of N.G.C. 7027, star 2 was found to have a motion of 
o” 110 annually and was therefore excluded in the derivation of the 
plate constants. Only one other star was found to have a motion 
larger than 0%050, the limit H. C. Willis used in the derivation of 
the parallactic motions of the fainter stars. This object is star 1 
in the field of N.G.C. 2371-2372; its motion is 07060, but its in- 
clusion can have influenced the results very little. 

The motions thus derived are relative to the mean motion of the 
comparison stars in each field. The reductions to absolute motions 
were made with the aid of unpublished results by Willis, who has 
recently derived the parallactic motion for stars of photographic 
magnitude 12.6-15.0 for different galactic latitudes. Table III gives 
the data for deriving the corrections, viz., the exposure times, the 
mean magnitude of the comparison stars, the galactic latitude, the 
value of /#/p according to Willis, the distance from the sun’s apex, 
taken at 18"53™+ 35°, and the reductions in a and 6 for the parallac- 
tic motion. Table IV gives finally for each field the right ascension 
and declination for tgoo, the galactic longitude and latitude, the 
Harvard classification, the dimensions as given by Moore,’ the 
absolute motion, and its components in right ascension and declina- 
tion. 

In order to derive from these results a mean parallax for the 
planetaries, three methods have been followed. 

a) Airy’s method.—Indicating the parallactic motion by /, the 
right ascension and declination of the antapex by A and D, and the 

2 Publications of the Lick Observatory, 13, 39, 1918. 


3 Publications of the Lick Observatory, 18, 213, 1932. 


189 
Ha H5 
1501 


+ 
4 


NEBULAE 


4 


” 


(Unit for Motions and Probable Errors=o0”oor) 


N.G.C. 


II 


#5 


TABLE 
FOR PLANETARY NEBULAE 


R MOTIONS OF 


Ha 


4 
4 


PROPI 
. 40 


CO-ORDINATES AND PROPER MOTIONS OF COMPARISON STARS 
N.G.C 


Star 


) 
3 
I 


Oo +0.¢ 


to.8 
0.5 
0.4 


Non 
+ + 
mMnE~ 
“ om 


++ | 
Qn 


mmnN 


sae ae 


* 


1—6.0 |-+ 


5 


oro 


plo e 


~ 
| 
pe 
| 


+ +0 


Ow He 
1 


ote 
sr) 
N WMO 


m OO 


ote 
Non 
aie 
OO ™ HWM 
-O00 
om) 
ate 
amo 
+] 
ON + 
is nin 
ese OO + 
re mM 


|+++ 


~Re NH 


Mma Oo 


IF MO ~O 


Oo 50.3 


a 


ro 


302 


+1 A 
N.G.C. 


, 


1514 


N.G.C. 


Se AN OPMO ™&O 


ro... 





mmo +O 


i_ae.s 


m~MrH WA + 
Me NON M 
lt i+++ 
WMA StH 
OoOnwteH OO 


6 


°0.0\—- 


O° 


Ss tee MANN O 


8 














SoMmeovo tO Mo AaTTN|MAN O oucn TOMNM OmMnK~ MO NOD OS 
Or OF HR me OH “~OO0d00H NN O00 O00 -O000- 00 
= 2) 
NNHOMAMEN MDAC WOrNO MN mO MOO MO we Sot+tmono00o 
+++ +411 ++it+ 11+ +l ititti I+i+ + 
= OnOnmnRO TM ~~ n~ | BAnRMMNO ‘ tadcooron] . APTAMNOMO SD 
=) 0 oe te wn uv a = ~ i) vo = = 
: xD 1 0 om o ie) 00°00 ° oo coco 0 9 = ooeod9g 90 ° ° 
- 5 4 } a n 4 , } ~ 4 
. O OND) S'S C19 O O pla Oo S) nocanogoe O IND ~AO HOR 
O; +) ++i+ Oo} ++14+4+1 1+ SPU tet eb TT Cee to 
Z, ae ‘ Z Z, Z OF a AN oe! 
OTTOMAN MONM”™M : noo ~Oo TN = Om NOOO H + TH MON MO Hs 
oa -~ pe Orr OF OO “o pial Palma, wn mW ~~ mormrao } ONNN MH AMY 
a) +i it t+++ #t++I11 li ++i 11 i++ ++i ll i+tt 
Zz a <= e Pe eee Ca : 
a S OAMMNAH | non o~OonNeo SOMA MMNAN SS Pt Gy a te a Ooo 
< = ™ wean oqoonrndand ONDMmOMNSDS ootmonsta OotnH ON MN 
s 3s +++iri ti +++++1 1 +++++1 1 | ++4+4+i1ii 
3 ~ “SOR ACHOMON] =| ODROMHOMW no ; ~NMNNANTOD |, =| ONHOCSCNHH 
v4 T o0o0o0O 00 + O KO0O0r 0008 0 O000000 ; O0O00000 
f, | = 41 4 } n } 4 n 
> = a 
mMINOCOAMACO Somt0o0 +0 ™ t+troononm MH MOoOttHO 
R . e Pe a 
=. bi+titiit + +1441 1 +i t++i4++ | tii +14 
=a x ; OM~HDO NSO MO +t+HON THO MNOS +H A~MO MO ott too +s 
) “ie | See ee ee h o0o0O0Or 0000 Oroao0ao0co0oor | o0o0o0o000 0 
e 4 n 4 n ra Pam n nN 
ot 8 
CQ a | o«m | x: , ore KB I on Oo _ _ .. | 
=< | | oo | Be he ie 7m INC 8 Nn INO DMN ma ° MOAMO O]O AN » | 5 Adal Rooted seals, 
Ho} SLE t+H+ + bi ititil+ | tit+ 144+] 5 | +1 1++1 4+ | 
i} | O ; “i 4 —_ ’ ” | —_ | ° | Face a ine pi gai 
1 oe CaAadkGornmsd norm Pm OR OH ~~ OO | | n° 4 DOH NH OHH] CE |] MAMH MRR + 
| “i = TO se 8 Uy OD. Os 9 = | HOHHA ONO O | NNOH MNO 
1S] tei ttt itt |S | ttt tl + |] Sm | +t itt] S| +4+4+1 1 1 ++ 
1}  WMMOnNOSCSD GA. | = NeamMmnnr~nro | Bibccbee ches laa yh 
| re) NmMta tANANN | K-KONNOKHNO™ | a Hee OF MO ve) HH NR ON Ne 
Ped | i i if +++++1 1 11 i ++++ 1 1 tf +++) 1 it 
| orate eee . | ——— 
1@) |] Kn | a 
) =A OAMO OO OC HAN OATMO ™O OC eH NOH PTINO ™~O HAN MOAPMO %O 





PROPER MOTIONS OF NEBULAE IQ! 


TABLE III 


DERIVATION OF PARALLACTIC MOTION OF COMPARISON STARS 


Mean Distance 
Obiect | Exp. Mag. b h from Red. for 
= Time Comp a Sun’s Parallactic Motion 
Stars Apex | 
N.G.C. 40 15m 13.4 | +10° |0%0081 54° |+0%0066 —o”0002 
[501 25 T405 to 50 1 cr Gh 46 
1514 15 13.1 | —14 89 104 |+ 390 — 79 
2022 30 14.9 10 49 132 |+ 14 — 33 
4371-2372 30 13.3 | +21 SO 116 — 7- 80 
2392 15 i. 4 +19 88 125 = 16. — 70 
6055 15 13.8 | +47 100 34 |- ia 3 
6210 15 I3.4 | +30 102 31 _ 46 — 28 
6543 15 Pg.) |) 30 102 35 i} =F 55 
6572 15 13.0 | --10 gi 30 |- I2— 45 
6720 25 13.8 +13 73 2 = 2 
6804 25 isi ~ 6 57 27 |+ = 25 
B.D.+ 30 3639 15 14.0! + 4 65 11 |+ 10 — 6 
N.G.C. 6853 15 14.2} — 5 61 19 |+ 13 — 15 
68904 60 B23) = 4 41 18 |+ a 5 
6905 20 14.0 -11 67 2 + 21 — 17 
7008 20 14.1 + 5 63 32 + 290 + 16 
7026 25 14.0 I 62 28 i+ 28 + 8 
7027 15 13.6 4 75 27 |+ 34 + 3 
N.G.C. II 5217 20 13.9 | — 6 68 40 |+ 44 + 4 
N.G.C. 7662 25 14.1 | —18 |0.0069 53 |+0.0053 —0.0016 
TABLE IV 
ABSOLUTE PROPER MOTIONS OF PLANETARY NEBULAE 
Har 
Object a1goo d61g00 1 b vard Dimensions* 4 Ha Ms 
| § lass 
| c ‘Ad ‘Ad r) ” a : eae 
N.G.C. 40 ob 8m+72° 88°+10° Pf 38’ 35'’0"004 —0"%004 0” 000 
1501 358) 61 | 112 + 8] 56 X48 5— I— . 
1514 HZ) SE | Re Ee : 4- 4+ 2 
2022 ee, 9 164 —10 Pf aa: 437 2— I— 2 
2371-2372 7 19 30 156 +21 54 5+ [= os 
2392 7-22 21 166 +19 Pe IQ X15 2|— I— 2 
6058 16 1 4! 31 +47 25 X20 8 — 5 6 
6210 16 40 24 10 +36. Pe | 20 X13 11\— a= II 
6543 17 59 | 67; 64 |\+30; Pd | 22 X16 5+ + 5 
6572 18 7 7 2i+t10;| Pd |14 X09 6— 5+ 3 
6720 i 50! 33] 31 |-+13} Pb | 83 Xso o+ 4+ 8 
6804 IQ 27 fa) 14'\— 6. Pe 32 Q- 7— 5 
B.D.+30°3639 IQ 31 30 32 + 4 14\— 2- I 
30 30, j 4 
EGC 6853 19 55 22 28 |— 5 8’ X4 17/+ 16+ 7 
6894 2012/| 30! 37/-— 4 44’ a~ 3+ I 
6905 20 18 20! 30/—11 ; Pd | 44 X37 4i— 4- I 
7008 20 58 5 61 I+ 5 86 X69 6+ 5+ 3 
7026 ay 3 47 56 — 1 Pe 6 X25 8+ 5+ 6 
7027 21 3 42 53 |— Pe 18 XII 8+ 2- 8 
N.G.C. II 5217 22 20 50 68 |— 6 Pd So <6 8+ 5 4 6 
By / re) PS) 
N.G.C. 7662. 23 21 |+42 75 |\—18 | Pe 17 X14 0.007'+0.006+0.003 





* Publications of the Lick Observatory, 18, 1932. 
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components of the vector directed toward the antapex by X, Y, 
and Z, we have the usual equations 


peosAcosD=X; psinAcosD=Y; psnD=Z. (1) 


Further, 
—X sina+Y cosa=u, 


—X cosasin 6—Y sina sin 6+Z cos 6=us. 


Each nebula furnished a set of equations of the form (2). These 
equations were solved by least squares, and from the resulting values 
of X, Y, and Z we derive 


Finally, by using Stromberg’s value for the sun’s velocity relative 
to one hundred and one planetary nebulae,‘ we find 7 =0* 00050. 

b) We may also derive a mean parallax from the r-components of 
the proper motions by means of the formula 


33 
Tl 
_ 
ne 
> 
SII 3! 


The radial velocity is not known for N.G.C. 1514. Excluding this 
object, we find V = 26.1, from which 


—_ ” 
7 =0.00006 . 


c) A somewhat less accurate determination of the mean parallax 
may be derived from the parallactic motions by means of the formula 


at 4.74 u sin 
| ——————— 
V. sin? X 
Using for V, again Stromberg’s value, we derive 


7 =0"00046 . 


4 Mt. Wilson Contr., No. 293, p. 9; Astrophysical Journal, 61, 371, 1925. 
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Giving weights 2, 2, and 1 to these three solutions, we have finally 
as the best value of the mean parallax obtainable at present 


7=0"00068 . 


The mean apparent photographic magnitude for the central stars 
of the twenty-one planetaries is 12.7; we therefore find an absolute 
photographic magnitude of +1.9. 

The results derived are very satisfactory; and as there are but few 
remaining planetaries for which early plates taken at the 80-foot 
focus are available, it seems that not much accuracy can be gained 
for a long time. 

The reductions from relative to absolute motion based on Willis’ 
work give so good an agreement for the values of the parallax derived 
in the three ways that considerable confidence is felt in Willis’ re- 
sults. The fact that the apex derived from the twenty-one 
planetaries agrees so well with that found by Stromberg from one 
hundred and one radial velocities also enhances the value of the re- 
sults. Attention should be called to the fact, observed in several 
instances before, that when very distant objects are involved the 
apex shifts to a larger value of the right ascension. 

Thus far we have dealt only with observed data. It is tempting to 
draw a few conclusions based on the parallax obtained, but here we 
enter a more speculative field. It should therefore be borne in mind 
that the following conclusions depend on certain assumptions and 
are thus to be accepted with precaution. 

For eighteen of these planetaries H. Zanstra‘ has derived the tem- 
peratures of the central stars (B.D+30°3639, N.G.C. 7027, and 
N.G.C. II 5207 are not included in Zanstra’s list), from which we 
may compute the values of M bol.—M phot. The mean of these 
differences is — 2.9, while the mean photographic magnitude of the 
eighteen objects is 12.9, as against 12.7 for all twenty-one plane- 
taries. This result would give for the absolute bolometric magnitude 
a value of —o.8. 

Accepting Zanstra’s temperatures as correct, we may obtain an 
idea of the size of the nuclei. Calling R the diameter of the central 


% Zeitschrift fiir Astrophysik, 2, 331, 1931. 
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stars, expressed in the radius of the sun Ro, we have from the law 
of Stefan-Boltzmann, 


log Rom? log ‘O44 (Mo bol.—M bol.) . 
The mean of the temperatures of the nuclei given by Zanstra for the 
eighteen planetaries is 42,000°, from which we derive R=o.2 Ro. 

There are two ways of deriving the masses for the nuclei: Edding- 
ton’s mass-luminosity relation, which gives a mass of about six times 
that of the sun, and the values of the rotation found in several 
planetaries by Campbell and Moore, which call for masses of the 
order of two hundred and fifty times that of the sun. 

This last value is hard to accept; but in any case we must expect 
very large densities for the central stars of the planetary nebulae, of 
the order of at least a thousand times that of the sun. This fact, 
however, means that we are dealing with degenerate stars of the 
white-dwarf type—a circumstance which again introduces a con- 
siderable uncertainty into the masses. 

CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
November 1932 
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HYDROCARBON BANDS IN THE SOLAR SPECTRUM! 
By R. S. RICHARDSON 


ABSTRACT 


Identification of the 4300, » 3900, and 3143 CH bands in the solar spectrum.— 
Thirty-one lines in the \ 4300 CH band were identified with previously unidentified 
lines in the Revised Rowland Table. 

The identification of lines in the \ 3900 CH band is difficult because of the large 
number of atomic lines in this region of the solar spectrum. Out of 40 unobscured CH 
lines, 29, or 72.5 per cent, could be identified with previously unidentified solar lines, 
with an average difference of 0.008 A. These lines do not show the Zeeman effect in the 
sun-spot spectrum and have the appearance characteristic of the lines in the » 4300 
CH band. 

New wave-lengths were determined for the lines in the \ 3143 CH band, with an 
accuracy comparable with that in the Revised Rowland Table. Twenty-four, or 88.9 
per cent, of the stronger unobscured lines could be identified with previously unidenti- 
fied solar lines of about the right intensity, with an average difference of 0.014 A. Since 
this percentage is much higher than that of chance coincidences, it is probable that the 
\ 3143 CH band is present in the solar spectrum. 

The discovery of these new CH lines in the solar spectrum accounts for 21 lines in 
the table of The Strongest Unidentified Solar Lines in the Revised Rowland Table. 

Analysts of the ?=*+ and 711 states of the CH molecule——The 73+ state was analyzed 
with the aid of the new wave-lengths for the \ 3143 CH band. The moment of inertia of 
the molecule in this state was found to be 1.941 X 107” gm cm?. 

An analysis of the 7II state was made on the basis of the new quantum theory applied 
to the A 4300 band. The moment of inertia for the 7II state was found to be 1.949 X 107” 
gm cm?. 

Calculation of the relative pressure in sun-s pots and in the reversing layer —A formula 
was developed from the theory of band-line intensities and the equation of dissociation 
equilibrium for molecules, by means of which the relative pressure in sun-spots and the 
reversing layer could be calculated. The best spot spectrograms at Mount Wilson show 
that unblended lines in the P branch of the A 4300 CH band have practically equal 
intensity in the spot and the disk. This result, combined with the adopted temperatures, 
spot=4750°, disk = 5080" K, leads to the ratio of pressures for P-+Py+Pcy, spot to 
disk =0.5. 


I. INTRODUCTION 


The 7A, *II CH band at X 4300, known to astrophysicists 
as Fraunhofer’s G band, is a conspicuous feature in stellar spec- 
tra of class Go and later. According to Swings and Struve,? 
it is first seen in the spectral sequence at class F8. W. C. 
Rufus’ places the maximum at Ro and Ko, after which the band 


t Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 466. 

2 Physical Review, 39, 142, 1932. 

3 Publications of the Astronomical Observatory of the University of Michigan, 3, 258, 
1923. 
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declines slowly in intensity. C. D. Shane* found the maximum in- 
tensity in the G—N sequence to be at R3, where the band appears 
with unusual strength. Beyond R3 the intensity decreases, slowly 
at first and then more rapidly until at N3 it is nearly or quite absent. 

The prominence of the \ 4300 CH band in stellar spectra is due 
chiefly to the small difference between the moment of inertia of the 
molecule in the 7A and II energy-levels. This type of molecule pro- 
duces a Q branch whose lines are closely packed together. When seen 
under low dispersion, such as is used in photographing the spectra 
of faint extra-galactic nebulae, the entire Q branch resembles a single 
line. The individual lines in the P and R branches are about as 
strong as those in the Q branch, but they are more widely separated, 
and hence not so conspicuous as a whole. 

The G band is the strongest in the visible region of the solar 
spectrum. For this reason it was selected as a means of studying in 
detail the conditions affecting the production of molecular spectra in 
sun-spots and in the reversing layer. In addition, two fainter CH 
bands at A 3900 and A 3143 have been investigated in the reversing 
layer. These questions may be conveniently discussed under two 
headings: (a) identification of lines in the solar spectrum with those 
in the CH bands at AA 4300, 3900, and 3143 and analysis of the 
?>+ and 7II energy-levels of the CH molecule; (b) calculation of the 
relative pressure in sun-spots and in the reversing layer from the 
relative intensities of the CH lines in the spectra of spots and revers- 
ing layer. 

II. IDENTIFICATION OF THE AX 4300, A 3900, AND AX 3143 
CH BANDS IN THE SOLAR SPECTRUM 


? 


The known band systems of the CH molecule are: 7A, *II at 
4300, 7Z~, 7II at A 3g00, and 72+, 7II at A 3143. In the first two 
systems only the (0, 0) band is known; in the *2*, *II system T. Hori* 
has observed the (1, 1) band at A 3157. 

There are no lines in the Revised Rowland Table’ attributed to the 
bands at A 3900 and A 3143; but since the A 4300 band occurs with 

4 Lick Observatory Bulletins, 13, 123, 1928. 

5 Zeitschrift fiir Physik, 59, 91, 1930. 


6C. E. St. John and others, Publications of the Carnegie Institution of Washington, 
No. 396; Papers of the Mount Wilson Observatory, 3, 1928. 
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considerable strength in the solar spectrum, the A 3900 and A 3143 
bands might also be expected to appear. The laboratory wave- 
lengths in all three systems have been compared with the wave- 
lengths of the solar lines in the Revised Rowland Table, with results 
as follows: 

2A, II \ 4300 CH.—-Accurate wave-lengths for the \ 4300 and 
3900 bands were obtained from Heurlinger and Hulthén’s measure- 
ments. Although most of the lines in the \ 4300 band had already 
been identified in the Revised Rowland Table, 31 additional lines were 
found that agree closely in wave-length with previously unidenti- 
fied lines in the solar spectrum (Table I). These lines are of about 
the right intensity and do not show the Zeeman effect in the spot 
spectrum.’ 

*> , 711 A 3900 CH.—Identification in the solar spectrum of lines 
in this band is difficult owing to the large number of neighboring 
atomic lines and the presence of the CN band at » 3883. Neverthe- 
less, of 40 unobscured lines, 29, or 72.5 per cent, could be identified 
with previously unidentified solar lines, with an average difference of 
0.008 A (Table I). The agreement is so close that the presence of the 
d 3900 band in the solar spectrum cannot be doubted. Seven of the 
11 unobscured lines not identified were rejected because of sus- 
pected Zeeman effect; the apparent absence of the remaining 4 lines 
is unexplained. The 29 identified lines have much the appearance 
characteristic of the lines in the A 4300 band. 

2y+, 711 A 3143 CH.—Wave-lengths of lines in the A 3143 band 
comparable in accuracy with those in the Revised Rowland Table 
have not been published. In order to supply data suited to the 
present investigation, Mr. Edison Pettit very kindly photographed 
the A 3143 and A 3157 bands in the spectrum of the carbon arc in 
hydrogen with a 21.5-foot, 8-inch concave grating, mounted Eagle 
fashion. The best plate was measured, wave-lengths in the spectrum 
of the vacuum iron arc® being used for comparison. Relative errors 


7 Atomic lines in the sun-spot spectrum show the Zeeman effect; it cannot be de- 
tected with certainty in the molecular lines. The maximum field strength in sun-spots 
is about 4000 gausses. 

8K. Burns and F. M. Walters, Jr., Publications of the Allegheny Observatory, 8, No. 4, 
1931. 
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in the wave-lengths of the band lines should not exceed 0.020 A. 
The systematic errors relative to wave-lengths obtained with other 
instruments under different conditions may be much larger, how- 
ever. With two exceptions, all the strongest unobscured lines in the 


TABLE I 


LINES IN THE A 4300 AND A 3900 CH Banps COINCIDING WITH 
UNIDENTIFIED LINES IN THE REVISED ROWLAND TABLE 


A 4300 CH 3900 CH 
| | | | 

r } Int. Sun Seon » | Int. Sun Su CH 
4169. 591 INd? | +0.027 || 3871.894 Barer ° +0.011 
4172.481 ° + .002 || 3872.823 <) =a + .O13 
4175.108 IN + .025 || 3873.072 | 2 + .020 
41775070... .. a + .031 |} 3874.542 2 — .O10 
4217. 288 a2 I — .026 3880.184. fe) + .008 
4229 .917 | IN 000 || 3884. 231 ere ec — .007 
ES a & fy IN | — .003 || 3888.916.. ° + .024 
4273 .9360 I + .008 3889. 101 I + .006 
4277.245 IN | — .o10 || 3889. 356 1d? + .004 
4277.525 2d? + .o12 || 3889.843 ° + .007 
4288. 737 _ 2N + .oo1 || 3891.190 IN + .o10 
4297 .299 2 — .006 3895 .080 I + .o10 
4306 . 866 ; 2 — .006 || 3901 .599 2 + .OOo! 
4310. 465 I + .007 || 3902.622 2N + .o12 
A272. 450. .... : 2 — .0o6 3905.074 2N | + .007 
4334.030 =f — 105 3908 . 313 I =. One 
4343 .486 oN + .0o17 3Q10. 333 2 + .003 
4347 -547 1N 000 || 3910.541 2 — .005 
4352.573.. oN — .014 || 3914.008 iN + .007 
4359. 353 ° + .o16 || 3915.614 2 000 
4360. 283 I + .008 3928.220 2d? — OO! 
4264.17. .. I | + .018 || 3928.345 2N + .002 
4369.851 —I + .o17 || 3944.180 IN + .oo1 
4372.859 ° — .008 || 3952. 766 ° - .008 
4375-591 : fo) — .013 || 3952.985 3 — .OO1 
4382.717 ° — .026 || 3962.409 fe) — 000 
4387 .586 fo) + .020 3972. 266 I tf .003 
4390. 546 : ° — .004 || 3972.457 ° + .003 
4394.815 —I — .029 || 3983.039 2N —0.029 
A200).075.. . =. = — .008 
4396 .933 IN +0.030 


\ 3143 band can be attributed to previously unidentified lines in the 
Revised Rowland Table of about the intensity to be expected (Table 
II). The solar and laboratory wave-lengths differ systematically, 
however, by 0.038 A, and if the differences be decreased by this 
amount, the average difference is reduced to 0.014 A. Only lines in 





tN 


LINES IN THE A 3143 CH BAND COINCIDING WITH UNIDENTIFIED 
LINES IN THE Revised Rowland Table 


n (Vac 


31738 
31733 


31709 
31795 -3 


31680 
31077 


31052 
31022 
31590 
315609 
31542 
31516 
31490.. 
31404 
31438 
31413 
31388 
31363 
31338 
31313 
31288 
31203 
31239.; 
31214 
31188 


31904 
31908 


319033 
31930 


31963 
31990 
32018 
32040. . 
32973 
32100 
32120 
32152 
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TABLE II 


d (Air) 


P Branch 


3149. 835 
3150.376 


3158. 375 
3101. 300 
3103 .990 
3166.708 
3109. 379 
3172 .030 
3174.058 
3177.209 
3179.8Q1 
3182. 431 
3184.999 
3187.553 
3190.071 
3192.000 
3195.118 
3197.959 
3200.174 
3202.749 
3295 - 354 


R Branch 


3127-797 
3125.000 
2542.275 
3119.581 
3110.932 
3114.320 
3I1I1I.790 
3109 . 304 


Int. Sun 


NWre OOO & 
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Ad, Sun—CH 


Observed 


° 


029 
058 


72 


49 
060 
0490 
022 
040 


OI! 
O4!I 
2 

004 
034 
o18 
023 
052 


° 


+ ++4+4++4+4+4+ +4+4+4+4+4++4+4 


074 





Corrected 


004 
— .020 


+o.016 
+ .005 


+ .OF3 
—0.004 
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TABLE Il—Continued 
R Branch—Continued 
AX, Sun—CH 
K” | m (Vac.) A (Air) d (Air) Int. Sun | 
| Observed Corrected 
' 
ee 32177.34 2 3106.879 I +0.029 —0O.009 
14 32201.50 2 3104.548 
15 2229295. 07 2 3102.258 
16 32247.506 I 2100;.113 —IN + .038 000 
17 32209 .05 fe) 3095.049 re) T 024 O14 
15 32289.13 I 3096.122 
19 32307.86 fe) 3004. 327 — J +0.038 0.000 
20 32324.09 I 3092.710 
21 32341.10 o— 3091 .140 
22. 32355.30 ° 3089. 790 
23 32307 .17 o- 3088 . 656 


the P and R branches of the \ 3143 band were identified with solar 
lines; those in the Q branch are packed so closely together that it is 
impossible to measure them separately. 

TABLE III 


THE (1, 1) \ 3157 CH BAND 


P BRANCH R BRANCH 


K” 

n(Vac.) | Int d (Air) n(Vac.) | Int (Air) 
I 31037. 30 | 2 3159 .909 
2 31612. 74 | 2 3162.369 | 31748.92 | I 3148.805 
3 31589.71 | 2 3104.075 | 31779.94 | 3 3145. 701 
4 31558. 32 2 3107 .523 
5 31530.97 | ° 3170.571 | 
6 31502.71 | ° 3173.415 
7 31473 .09 | fe) | 3170. 401 | 
8 31444. 38 | fe) | 3179.303 | 31895. 42 | ° 3134. 341 
re) 31413.46 | 4 3182:.431 || S1I917. 12 | fe) 2122971 
IO 31388.13 i 3184.999 | 31930.85 | I 3130.275 
11 31355 .00 I 3188. 360 | 31956.57 | ° 3128. 343 
12 23320. 28 fe) 31Q1.404 | 31974.05 fe) 3120.633 
13 312904.05 2 3194.515 31990. 70 2 3125 .000 
14 31203.88 4 3197.059 | 32005. 48 | ° 3123.562 
15 31231 .64 I 3200.959 | 32018.68 2 2523.275 
16 31199.48 fe) 3204.258 | 32029.61 | fe) 3121. 209 
17 31166.49 ° 3207.051 32038.509 | fe) 3120. 334 
18 31132.08 ° 225% AG? | 
19 31096 .92 | ° 3214.827 | 
20 31059.99 | fe) | 3218.050 
21 | 
22 30081 .02 | ° | 3226.855 

| | 


| 
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The \ 3157 band is very weak compared with A 3143, and no at- 
tempt was made to identify it in the solar spectrum. The high 
intensity of certain lines in A 3157 is due to coincidence with lines in 
the \ 3143 band. The A 3157 band lines are given in Table III. 


III. ROTATIONAL ANALYSIS OF THE 7+ AND 7II STATES 
OF THE CH MOLECULE 


Hori’ has analyzed the A 3143 band and calculated the term values 
for the upper (2*) energy-level. He showed that the rotational 
term differences for the lower level agree, within the errors of obser- 
vation, with those of the \ 4300 and A 3900 bands, proving that all 
three bands have the same lower energy-level. Since Hori’s wave- 
lengths are given to only o.1 A, it was thought advisable to repeat 
certain portions of his work with the improved data in Table II. 
The lower (II) level was also analyzed by using Heurlinger and 
Hulthén’s'’? wave-numbers for the \ 4300 band. This band was in- 
vestigated by A. Kratzer" in 1924 on the basis of the old quantum 
theory, but his constants are inexact and from AK =12~-23 do not 
even approximately represent the observed rotational term differ- 
ences. 

Evaluation of constants for the ?X* and II states of CH.—The wave- 
numbers of the lines in the P, Q, and R branches of the \ 3143 CH 


band are expressed by the formulae 


Pi(J)=Ti(J-—1)-TiaJ), — ) 
O(D)=TUN—-THS) , (1) 
Ri(J)=TiJ+1)-Tu(J), J 
where 7=1 or 2 and indicates terms for which J —K = +3, respec- 
tively, and where for brevity J is written for the quantum numbers 
of the lower energy-level. In the lower state, each of the two spin 
doublets is in itself a close doublet of the so-called A type whose 
components are designated as the c and d sublevels (lower and upper 
levels, respectively). This type of doubling may occur for any 
9 Zeitschrift fiir Physik, 59, 91, 1929. 
to Zeitschrift fiir wissenschaftliche Photographie, 18, 241, 1919. 
Zeitschrift fiir Physik, 23, 298, 1924. 
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value of the spin quantum number S and in all rotational states 
where A>o. It does not occur for the upper 72+ state of CH since 
for a = state, by definition, A=o. 

By means of equations (1) the wave-numbers of lines in the P, Q, 
and R branches may be combined to form functions involving only 
the upper or the lower energy-level. Since the Q branch of the A 3143 
band cannot be measured, only the P and RX branches are available 
in this case. For the 72+ state we thus find 


Ri(J)— Pi(J) =Ti(J+1)-—Ti(J—1) , (2a) 
and for the ’II state, 


R(J—1)—Pi(J +1) =Th(J+1)-—Tii(J—1) . (2b) 
The general energy equation for the term values in (2a) is” 


T(J) =T/+G'+ Bi[K(K+1)+G] 
+y'[J(J+1)—K(K+1)—S(S+1)]+DiK?(K+1)?. (3a) 


The spin doubling in the \ 3143 band is so small that except for a 
few lines near the origin the two components are superimposed. 
Hence, R,(J) =R,(J), etc., and the subscripts may be dropped. In 
order to compare theory and observation it is therefore necessary to 
use instead of (3a) the mean of the term values for the two spin com- 
ponents. This may be found by putting J/=K+3 and J=K-—+} in 
the right member of (3a) and taking the mean of the two expressions. 
The result is an equation for the term values in which the only 
variable is K. After appropriate changes in the argument, combina- 


tion of this equation with (2a) gives 
R(K)— P(K) = Bi(4K+ 2)+ Di(8K3+12K?+12K+4) , (3b) 


a relation connecting the observed wave-numbers with the con- 
stants Bj and Dj, whose values are to be determined. An applica- 
tion of (3b) to the observed rotational term differences in the second 
and fifth columns of Table IV gave the results collected at the end 


2R.S. Mulliken, Reviews of Modern Physics, 2, 106-7, 1930; Frederickson and Wat- 


son, Physical Review, 39, 759, 1932. 
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of this section. Equation (20) has not been used since the constants 
for the *II state can be determined much more accurately from the 
4300 band. 

TABLE IV 


ROTATIONAL TERM DIFFERENCES FOR THE 22* STATE 
OF THE A 3143 CH BANpD 


| R(K) —P(K R(K)—P(K) 
) hg I Sas 

Observed O-C Observed O-C 
4 255.69 +0.40 14 758.04 —0.43 
5 310. 35 —0.99 15 837.14 + .06 
6 367.98 +1.01 160 884.56 + .o1 
7 422.19 +o.06 17 930.82 + .O4 
8 476.89 +0.16 18 075.72 — 61 
9 530.73 +0.02 19 IOIQ.12 — .17 
10 584.00 +0.04 20 1060.81 — .58 
II 030.17 =. 27 21 IIO1.36 = Ee 
12 ; 688.05 —0.02 22 II4I.11 + II 
P32. 738.78 +0.01 23 1178.35 +0.05 


The wave-numbers of the twelve main branches in the A 4300 


band are given by the transitions 


Picia(J) — T%. (J—1)— T(J) ; ) ; 
Oiw(J) =Tia(J)—-Tia) ,; : (4) 
Ried D=Ti+)-TH), | 





and by three others obtained by interchanging c and d in these 
formulae. As before, 7=1 or 2. 
The combination differences involving the lower II state are 


expressed by 


/ 


Qia(J) — Picia( I +1) = Ricial(J) —Qia J+) = Tii(J+1)—Th(J), (5) 


and by a similar formula with ¢ and d interchanged. 

In forming these differences from (4) it must be remembered that 
in the upper 7A state of the \ 4300 band, the c and d levels are 
coincident. Equations for the upper state similar to (5) can also be 
written, but it was decided to confine the analysis to the 72+ and 
*II states of the CH molecule only. 
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The term values in the *II state are given by the expressions 


Ti(J) = TU +G"+ Br (| (J+3)?—-A? $F | (J+3) 


A A? |2, =| 
me: > i, ” G? Pia(J R; ; ¢ 
fot S| + | + )+4 (6) 
where 7=1, 2; a=c, d; and the upper sign in the brackets goes with 


i=1. Further, 
R,=D/ I+ Fv S* , R,= Do (J+1)4s+ Fo (J+1)° . 


Finally, since we are dealing with a II state, A=1; and for the ’II 
state of CH, A/B)’ =2. 

The double-valued function ;., which has equal and opposite 
values for c and d levels, represents the splitting of 7, and 7, terms 
into two close components. This function may be eliminated from 
(6) by forming means for these two terms, with the result 


ST i(J)+ Tii(J)|=const.+ By | (J +3)? F[(J+35)?—-1f} +R, (7) 


where all terms independent of J are now included in the constant. 
Equation (7), with the aid of (5) and its companion equation, may 
be used to determine the quantities Bj’, Do’, and Fo’ from the 
observed data in the second and third and fifth and sixth columns 
of Tables Va and Vb. The results are collected at the end of this 
section. 

There remains to be considered the A-type doubling expressed 
by the function ®;, appearing in equation (6). The theory of this 
type of doubling has been discussed by J. H. van Vleck,"’ who has 
derived an equation that takes into account the spin and A-type 
doubling intermediate between Hund’s case a and case 6. From this 
equation Mulliken and Christy’ have obtained the following ex- 
pression for the A-doublet separations: 


Aviac=[(F pot go) (Fi +2X*— VX")+ 29.X (J —3)(J+3]J+2) , (8) 


13 Physical Review, 33, 467, 1929. 
4 Tbid., 38, 87, 1931. 
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where the upper sign goes with 7=1, the lower with z= 2. Here Y = 
A/Bji/ =2, X has the positive value obtained from 


XX? 43 (J +1)—7 , 


and p, and g, are quantities characteristic of the particular vibra- 
tional and electronic state in question whose values are to be calcu- 
lated from (8). 

TABLE Va 


COMBINATION DIFFERENCES FOR THE 7II3/2 STATE OF CH 


Ord) — Ricrd\J) — Or-(J)- Ridrc\J)— 


wee . 
JI" 4+4 | PrergiJ tt) | OI +1) O-( PrarcJ+1) | Ore +1) O-¢ 
4 112.89 112.97 0.02 112.07 112.68 | -+0.09 
5 141.04 141.22 - . Ol 140.77 140: 72 | -F..@2 
6 108.90 169.13 - .06 168.68 168.61 + .04 
7 190.73 190.57 00 190.22 190.35 oo 
8 294.37 224.37 + 12 223.59 223.65 — .07 
9 251.33 251.48 04 250.76 250.76) |}. = .63 
10 278 3! 275. 30 t O02 277.01 277.04 — 02 
II 304.81 304.99 + .04 304.05 304.16 oo 
12 330.90 223.10 + .O2 330.15 330.2 Oe 
13 350.44 356.88 ag 355.88 355-99 + .Ol 
14 382.12 382.20 T .03 381.18 381.20 =. JOm 
15 407.02 406.96 02 406.06 400 .o1 + .oI 
10 431.45 431.40 © 389 439. 33 430.17 oe 
17 455.26 | 455.33 — Ol 454.21 454.24 ae. 
18 478.46 478.74 wk... 477.52 477.63 + .06 
19 501 . 37 — .10 500.17 500. 27 ae 
20 523.76 + .10 522.50 522.34 + .02 
21 545. 24 545-41 + .04 544.09 544.09 akg 
22 566.43 566. 26 1 09 565.05 565.18 | + .2: 
23 586. 37 586.62 —o.10 585.13 —0.03 


In the case of 7A, 7II bands, such as \ 4300 CH, the doublet 
separations are usually negligible in the 7A states, so that Avz. may 
be obtained directly from the observations by taking the differences, 


Avia. = R;, ia(J) — Rigi. (J) = Oial(J ) —Q; (J) — P;, ia( J) — Piaic(J) . 


A study of Figure 26 in the article by Mulliken in Reviews of Modern 
Physics, 3, 125, 1927, makes this evident. 

In general, equations (8) have been found to represent the obser- 
vations very well for low values of J. Large deviations often occur, 
however, at high values, and this was found by the author to be the 
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case for the *II state of CH. Mulliken and Christy's have shown that 
these deviations result from the rotational stretching of the molecule 


TABLE Vb 


COMBINATION DIFFERENCES FOR THE 7II;/2 STATE OF CH 


l 
| p | | " | > | 
Jv4+} Qrq(J)— Ry ¢2d(J) — O-—-C Q,,J)— | RodacJ) — | O=—C 
Pocad\Jt1)| Qag'J+1) | | PodacJ t+) | QJ +1) 
3 113.90 | I14.01 | —0.05 | 113.59 | 113.66 | +0.07 
4 I41.72 141.77 | — .03 141.30 141.36 | + .04 
5 1609.49 | 169.56 |} co | 169.03 | 169.15 | + 11 
6 | 197.14 197.12 | + .OI | 196.52 | 196.61 | + .O1 
7 | 224.58 224.74 | + .16 | 223.88 | 224.07 | + .o9 
8 | S57 356 a51.67 | — .02 | 250.84 | 251.10 | — .O1 
9 | 278.44 | 278.61 | “+06 | <277:60 | -277:80 |  — <o4 
| 
10 .| 304.93 305.00 | -0O | 304.14 | 304.29 | fore) 
= aes a a 4 
II .. | 331.16 331-17 | + .05 | 330.24 | 330.33 07 
12 357-08 | 356.88 | + .13 | 355-89 | 356.08 | — .07 
13 452.12 | 382.20 | Co | 381.25 | 381.22 | — .06 
14. | 407.02 | 406.96 | — .05 | 406.26 | 406.14 | Tt .04 
I5.... 431.45 431.46 | + .04 | 439-41 | 439-57 | + .OI 
16 455.260 | 455.18 |} — -©6 | 454.21 | 454.24 | — .12 
> sit ~ | ine. | abe: Ts 2 
[7.. } 478.61 | 478.60 | — .03 477-52 | 477.63 03 
18. 501.14 | = a0 | 500.17 | 500.27 = 260 
19 523.84 + .23 | 522.50 | 522.34 = 5 
20 545.18 545-44 + .10 | 544.09 | 544.09 oo 
21 566. 36 + ozo | 2805-05 | SOs rEO | ss SES 
22 586.37. | 586.44 | —o.10 | 585.13 | Pe ie 
| | | 


at high J values, which may be allowed for by using a variable 
5 », 


and q defined by 


\ 


p=plitwKkK(K+1)]", | (0) 
g=ql1twK(K+1)|?, j . 
where 
 — —D, ~ Do 
u= B. ~— B, " 


The procedure is to determine p, and g, from the observed data 
for low J values, and then calculate individual values of p and g 
from (9) for the representation of the doublet separations at high J 
values. The results of such a calculation for the *II state of CH are 
shown in Figure 1. The broken curve represents equations (8) for 
po= +0.0277 and go= +0.0356. The full curve is drawn in accord- 
ance with equations (g) for p and gq varying with K. The agreement 


Ss Tbid., p. 100, 1931. 
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is better in the latter case, but the deviations at high quantum num- 
bers are still rather large. In a letter to the author Professor Mulli- 
ken suggests that these deviations from the simple theory might 
perhaps be formulated as systematic perturbations, owing possibly 
to a 4” state, which is supposed to be near the ’II state. 


cm 
Is 








N 














NO 
nN 
vi 


0.5 10.5 14.5 18.5 


i) 
wn 


Total quantum number J 


Itc. 1.—Observed and theoretical values of Av,dc and Av.dc (upper and lower 
curves, respectively) for the *II state of CH. The dots are the observed points; the 
smooth curves represent a constant p and q; the broken curves, a p and g varying with 
K. 

Empirically, the function ®,.(/) in equation (6) can easily be 


represented by the expression 
®;,(J)=Kite I+ J(J+1) . (10) 


If the function is determined in this way, all the quantities in 
equations (6) needed to calculate the term differences in equations 
(5) then become known. The residuals O—C for these differences 
obtained with the adopted values of the constants are in the fourth 
and seventh columns of Tables Va and Vd. The comparison is in 
each case with the mean of the observed differences given in the two 


columns immediately preceding. 
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The adopted constants for the lower state may now be used with 
equation (20) for the representation of term differences not employed 
in the calculation of the constants themselves. The results are in 
Table VI. The observed values for the \ 4300 band are in the second 
and fourth columns; the residuals are in the third and fifth columns. 
The last column gives the residuals for the \ 3143 band, for which 
the spin doublets cannot be separated. In this case, therefore, the 
observed differences have been compared with the mean of the 
computed values derived for the \ 4300 band. 

The adopted values of all the constants are in the accompanying 
tabulation, which also includes the moment of inertia for the two 
states obtained fom /,=h/87’cB,. All quantities except J, are in 


cm units. 


2>* STATE ‘IT STATE 
BS 14.248 By’ 14.189 
Di —1.548X1073 pa —1.4458X 1073 
4 I.941 X10 * gm cm? Fo’ 9.3X10% 
I,’ I.949X10-# gm cm? 


Po +0.0277 | for 

qo +0.0356 | J<12.5 
Ky “0. §24 K2 —o.666 
é; +0 .092 €, +o.318 
6; +0 .0285 62 +0.0195 


IV. DETERMINATION OF THE RELATIVE PRESSURE IN 
SUN-SPOTS AND THE REVERSING LAYER 

R. M. Petrie’ and E. A. Milne’ have derived formulae from 
which the pressure in sun-spots may be calculated in terms of the 
pressure in the photosphere. These formulae presuppose that the 
photosphere is in a state of radiative equilibrium and that the 
mechanism of spot formation is the adiabatic expansion of a body 
of gas moving upward from some level in, or below, the solar photo- 
sphere. Petrie divides his discussion into three parts, each being a 
calculation of the parameters, pressure, and temperature, with an 
additional degree of refinement introduced into the assumptions for 

6 Monthly Notices of the Royal Astronomical Society, 90, 480, 1930. 


17 Thid., p. 487, 1930. 
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each successive calculation. Probably the most important of his 
equations are the following: 


Sale : (11a) 


7, Fi 
nop)” ee 
sa ae same = 


in which P, and 7, denote the pressure and temperature in the 
photosphere and P; and 7; the same quantities in the spot. It is as- 
TABLE VI 


COMBINATION DIFFERENCES FOR THE 2II LEVEL OF THE A 3143 
AND \ 4300 CH BANDs 








| 4300 CH 
‘Re ene: ees 
K Ry ¢rq(K —1) —Pyeyq(K +1) Ra¢2q(K —1) —Pa¢aq(K +1) O-c 

. Observed | O-C Observed O-C | 
4 254.01 —0o.06 255.73 | —0.05 | —1.50 
5 310.12 | — .08 311.26 — .03 +1.46 
6 365.86 | — .02 306.70 + 06 | +0.32 
’; 421.24 + .I9 | 421.70 + .08 — OF 
8 475.70 + io! 476.30 + .16 | — .06 
ra) | 529.79 + .03 530.11 + Ol — .06 
10... 583.17 | — .Ol 583.54 + .12 — .32 
II 635.89 + oO: 630.16 + .o9 + .28 
12 687.63 — .18 688.25 + .29 + II 
i 739.00 | + .o 739.00 | = ees eee 
14 789.22 | + .08 789.22 + .02 + .04 
15 838.41 | — .or | 838.41 | — .05 + .06 
16 886.72 | 00 | 886.72 + 02 + .33 
17 933-79 | — .16 | 933.790 | AR 4 + .22 
18 980.11 00 9079.74 — 31 + .23 
19 1024.g1 — .22 1024.73 — .30 + .17 
2 | 1069.00 + .06 1069.02 + .20 — .32 
1 III1.84 + .31 eee + .04 
22 | 1152.63 —0.22 1152.73 +0.05 —0.42 





| 
| 


sumed that at a level called the base of the sun-spot, from which the 
uprising material ascends, the spot does not differ from the surround- 
ing material. At this level, P, and 7, are used; y is the ratio of the 
specific heats of the gaseous material. 
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For T, =6000°, T;=4750 K, y=5/3 (for a monatomic gas), equa- 
tion (11c) gives 7,=7780° K. From equations (11a) and (110) we 
then find P} =0.88P,. 

So far as the author is aware, the only other recent determination 
of the relative pressure in sun-spots and the reversing layer is that 
by Charlotte Moore™ for the relative electron pressure in spots and 
the disk. Her final result is P’/P,=0.60. 

A formula for the relative pressure of atoms and molecules in sun- 
spots and in the reversing layer can be developed from the theory 
of band-line intensities and the equation of dissociation equilibrium 
for molecules. The intensity of an absorption line at a given tem- 
perature and pressure depends upon the product of the number of 
molecules undissociated by the number of molecules in the energy- 
level necessary to absorb the line. Let x be the number of molecules 
dissociated, P the sum of the partial pressures of the reacting sub- 
stances, and K the equilibrium coefficient at constant pressure. 
Then 

| ea , 


I—x’* 
The number of molecules undissociated is therefore 


(P+K)!— Ki 


ee ree (12, 
(P+K)? 

The number of molecules in a given excited state is 
N=ge-Et AT , (13) 


where £/’ is the rotational energy of the molecule in the lower 
electron state and g the a priori probability of the state. R. C. Tol- 
man” defines the latter as the number of quantum states with the 
same energy content which have been lumped together. The re- 
sultant intensity of the line is equal to the product of (12) and (13), 
or 
Peete 
[= : as ge EH kT (14) 
(P+K)? 

8 Mt. Wilson Contr., No. 446; Astrophysical Journal, 75, 222, 1932. 


19 Statistical Mechanics, p. 101, 1927. 


~ 


HYDROCARBON BANDS IN SUN 211 


whence, for the same line in the spot and the disk, 


i (P'+K')'— K" i+K i) I 


xy = 1 rr — — rd 
log 7 log GLR)—Ki +3 log PLR BAT 4 Mod, (15) 


in which the disk pressure P has been taken as unity. The equi- 
librium coefficient A for CH may be calculated from the tempera- 
ture by means of the equation” 


110,000 a - 
+1.5 log T+log (1—e74°"/7)—0.40 . (16) 


log K= a 
° 4.5711 


Since £,’ is known from the rotational analysis of the band spec- 
trum, the spot pressure P’ can be found when 7, 7’, and /’/J are 
known. 

An inspection of our best spot spectrograms shows that the CH 
lines in the P branch of the \ 4300 band at 


AA 4352-559 AA 4364 .043 
4355.708 4364. 191 
4350. 309 4372.742 
4360. 291 4372.851 


4363 . 299 
are probably the best available for intensity determinations. These 
lines have practically the same intensity in both spot and disk; 
hence we may put /=/’ in (15) without serious error. Taking 7’ = 
4750, 1 =5080° K for the reversing layer, we find P’=o0.5. More 
precisely, this numerical result is the ratio of the sums of the partial 
pressures in spot and disk. 


The author is very grateful to Professor R. T. Birge of the Uni- 
versity of California and Professor Robert S. Mulliken of the Ryer- 
son Physical Laboratory of the University of Chicago for valuable 
criticisms and suggestions in connection with the theory of band 
spectra. Dr. St. John’s advice on the astrophysical questions in- 
volved is deeply appreciated. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
November 1932 


0 See Swings and Struve, Joc. cit., and R. Wildt, Zeitschrift fiir Physik, 54, 856, 1929. 
I have used Swings and Struve’s value for the heat of dissociation of CH. The value 
of the constant term, 4.571, is that given by Wildt; Swings and Struve use 4.541. The 
latter evidently copied this figure incorrectly from Wildt’s formula. 








EQUIVALENT WIDTHS IN THE A AND B 
BANDS OF OXYGEN 
By W. H. J. CHILDS 
ABSTRACT 


Measurements of the equivalent widths of the lines of the A and B bands of oxygen do 
not confirm previous conclusions of Woolley that these bands show a definite departure 
from theoretical expressions in which the width is proportional to the one-half power of 
the number of atoms. The value obtained for the power is 0.49. Moreover, it is shown 
that the equivalent widths of these atmospheric lines are in excellent agreement with 
values calculated from observations on laboratory thicknesses of air (13.70 m.) 

A recent attempt by Woolley’ to test whether the width of an 
absorption line is proportional to the square root of the number of 
absorbing centers appeared to show that in the case of the atmos- 
pheric B bands of oxygen the line widths are indeed proportional 
only to the three-eighths power of the number of molecules. This re- 
sult has been criticized by Unséld,? who points out that Woolley’s 
assumption that for these lines instrumental width is negligible com- 
pared with true width is probably untenable; it is the purpose of 
this paper to show conclusively that this band is no exception to the 


square-root law, and that Unsdéld’s criticism is justified. 


THE CALCULATION OF EQUIVALENT WIDTHS FOR 
ATMOSPHERIC LINES 

The A and B bands of oxygen belong to a system which results 
from an intercombination between a *2 ground level and a 'Z 
upper level, so that there is every reason to expect that the proper 
width of these lines, i.e., the range of frequencies absorbed by a 
single undisturbed molecule, will be extremely small. The Doppler 
width will also be quite small, and the whole of the observed width 
must be accounted for by impact broadening, resulting from the 
rapid changes of phase an absorbing molecule experiences on impact 
with its neighbors. The shape of the line is thus determined by the 
number of impacts per second, and expressions have already been 


™R. v.d. R. Woolley, Astrophysical Journal, 73, 185 and 194, 1931. 


2A. Unsold, ibid., 75, 106, 1932. 
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derived by Dennison’ and checked on the infra-red HCl bands. 
Dennison’s equation (1”’) forms a convenient starting-point for the 
calculation of line widths in the atmospheric bands, and with a 
slightly different notation may be written 

if 


Gp™- - “a. 
IkT . 2 gi (v— v9)? (1) 


8 
ae aula kT 
- N m 


Here a, is the absorption coefficient for radiation of frequency v 
and a is the integrated absorption coefficient per molecule. The 
number of molecules per cubic centimeter is represented by n, and 
a is the mean molecular diameter. This diameter will be determined 
by the nearest distance to which two molecules can approach without 
appreciable phase change taking place. It will be of the same order 
as the kinetic-theory diameter, but of course need not necessarily 
be the same. Temperature, Boltzmann constant, and molecular 
mass are represented respectively by 7, k, and m. From equation 
(1) we may calculate relative values of a,, i.e., the shape of an ab- 
sorption line, for any gas for any given conditions of density and 
temperature; if in addition (as is the case with oxygen) the appropri- 
ate values of a are known, we may obtain absolute absorption co- 
efficients. We are thus in a position, by summing equation (1) over 
the earth’s atmosphere, to calculate not only the shapes but also 
the strengths of the atmospheric lines for any given zenith distance 
of the sun. 

In making the calculation of the effective atmospheric absorption 
coefficients, it is necessary to introduce into (1) a Boltzmann-factor 
correction term to take account of the fact that, since these lines 
originate from rotational levels, the distribution of intensity among 
them is a function of the temperature and will vary with the height 
above the earth’s surface. For the sake of clarity it is convenient 
to treat the absorption as being brought about by all the air mole- 
cules, instead of by oxygen alone, and to compensate for this by 
reducing the numerical values of a to 21 per cent of their correct 
amounts. To obtain the atmospheric temperature and pressure 


3D. M. Dennison, Physical Review, 31, 511, 1928. 
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distribution it is sufficient to make the usual assumption of a linear 
temperature gradient of 6°5 C per kilometer, so that 


T=T,(1—ex) ; n=Nn,(1—ex)53 , 


where 7, and m, are ground values, €=2.2-10~7, and x is measured 
in centimeters. On inserting these values into (1) and rearranging, 


ve have 


0. 56e%! /kT (1— ex) ~3/*e-® kT.(1 —ex) 
ne -a+secg _- — dx (2) 
kT, 1 .63m(v—v,)? 
og? 1+— ~ 
TN m nzo4kT (1 — ex)! 


for the effective value of a, for the atmosphere appropriate to a 
zenith distance z of the sun. E denotes the rotational energy of the 
lower level of the line under consideration. The integration is to be 
extended from ground level to a height of 45.5 km. 

Fortunately this expression may be considerably simplified. Upon 
inserting the numerical values 


No=25 + 10° per cc m= 53 + 10-74 gm 


o= 2.7+- 10° cm k= 1.37 10°" ergs per degree 


and changing over to the more convenient cm™ units for (v—»), 


2) becomes 


» sai — ey) —3/2¢—E/kT ot —ex) 
=2.78- 10"a-sec z+ eb/kte f (1—€x) its (3) 
5 103 is : 
+e enter 
=—€ 


At the center of a line, i.e., where (v—y,) is small, the integration 
must be performed graphically. For larger values of (v—vp,) it is 
permissible to neglect the 1 in the denominator and approximate 
with 


E/kTs 

a+secz-e ; 

ay= 4.82 + 10° — (1 —ex) te E/kTolt—ex) dy | (4) 
(v=)? 





Further simplification may be effected. Upon inserting in (4) ap- 
propriate values of E for the oxygen lines actually observed it will 
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be found that the variation of e~"/*7«' 
that of (1—ex)'*", so that without error we may assume the ex- 
ponential term to have the constant value e~**"*. It is thus un- 
necessary to take account of the Boltzmann-factor correction except 
in the region at the center of a line. 

With this simplification (4) can now be integrated directly, giving 


~*) is negligible compared with 


icone SEC 3 (<) 
(vy — v9)? 
as the effective atmospheric absorption coefficient. 
The direct determination of absorption coefficients in the case of 
narrow absorption lines is beset with experimental difficulties, for 
to obtain accurate values the troublesome “‘finite slit-width” correc- 
tion has first to be applied. It is usually easier and much more accu- 
rate to determine the total amount of energy removed by a line from 
a continuous background of assumed unit intensity. This is nu- 
merically equal to the width of a strip of continuous background 
having an energy content equal in amount to the energy removed 
by the line; this latter quantity is the equivalent width W of the 
line and is independent of the resolving power of the measuring 
instrument. In terms of the effective absorption coefficient we have 


W= { ~ (1—e-*) dv , (6) 


or, since the lines are narrow, 


W=2 { ‘(1—e-*)dp . (7) 


- 


For weak lines the integration must be performed graphically, 
using the values of a, given by (3), but for lines such as those dealt 
with later, where the maximum value attained by a, in the region 
of v, is so large that it makes no difference to the value of (7) if the 
approximate form (5) of a, is used even at the center, we may 
integrate directly. As the final expression for equivalent width we 
thus obtain 


W =4.98 + 10%(a + sec z)'/? . (8) 
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For a given line W varies as (sec z)'/?. This is the relationship tested 
by Woolley (although Woolley attempted to measure true widths 
and not equivalent widths, a point which will be returned to later). 
Instead of taking several photographs, varying the height of the sun, 
and examining the behavior of a given line, we may equally well take 
but a single photograph and examine the variation in width on going 
from line to line throughout the band. We thus vary a, keeping 
sec z constant, whereas Woolley keeps a constant and varies sec s. 
In either case we expect to find a proportionality to the root of the 
variable. 
THE MEASUREMENTS 


During the course of an investigation of the relative abundance of 
the oxygen isotopes,’ two good plates were obtained of the A and B 
bands, one on each of two successive clear sunny evenings in June, 
1930, under practically identical weather conditions and at but 
slightly differing times, the A band being taken at 19"05™ and the 
B band at 18'53™ (local time, Bonn, Germany). If we assume 7.22 
km as the height of the homogeneous oxygen layer, the correspond- 
ing optical path lengths are 49.7 and 41.4 km, respectively. The 
plates were photometered with a recording microphotometer, the 
records afterward being enlarged some four times for convenience 
of measurement. Transparent grids were then constructed with 
abscissae in wave-number units and ordinates in arbitrary intensity 
units, the latter being obtained with the aid of the characteristic 
curve of the plates* which was already known for the spectral regions 
embraced by the bands. These grids, placed on the records, enabled 
equivalent widths to be evaluated directly. Two independent sets 


4R. Mecke and W. H. J. Childs, Zeitschrift fiir Physik, 68, 362, 1931. 

5 The plates were obtained in the first order of a 6.4-m Rowland concave grating, 
with a dispersion of 2 A per millimeter and a resolving power of 100,000. The time of 
exposure in each case was 20 minutes, the A band being taken with an Agfa infra-red 
sensitive plate hypersensitized in the usual way with ammonia, while for the B band 
an Ilford panchromatic plate could be used. The characteristic curves of the plates 
were obtained from a very thorough separate investigation based on the raster method 
of Frerichs (Zeitschrift fiir Physik, 31, 305, 1925) by means of which six exposures in the 
ratios 16:1: 2:4:8:16 are made on the plate at one and the same time. The results 
showed that, for a standardized technique of development, etc., a characteristic curve 
could be obtained applicable to a whole batch of plates. 
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of measurements were made of each record and the mean of these 
is given in Table I. 

The measurements in the A band have of necessity been confined 
to the P, and P; branches; the R branches converge to a head and 
the width and closeness of the lines obliterate the structure. The 
lines P,(2) and P;(2), and succeeding pairs as far as P;(22), were 
broad enough in the A band for adjacent wings to overlap somewhat. 
It would no doubt have been possible in each case to resolve the 


TABLE I 


A-BAND MEASUREMENTS 


P, BRANCH P; BRANCH 

J a* Equiv. Equiv. a* Equiv. Equiv. 
Arb Widths Widths Arb Widths Widths 
Units (Meas.) Calc.) Units (Meas.) (Calc.) 

fo) 0.053 2.00 1.75 : EO Oe ee Pn 
2 0g8 2.40 2.38 0.002 2.40 I.9go 
4 .130 2.64 2.94 098 2.64 4.35 
6 144 2.76 2.88 118 2.760 | 2.61 
5 I4! 7.72 2.55 121 2.92 2.04 
10 125 2.56 2.69 III 2.56 2.53 
12 . 103 2.50 2.44 093 2.10 } 2.31 
y .077 n.95 2.31 o7I 1.78 | 2.02 
| Se 054 1.66 1.77 050 | 1.66 | 1.70 
18. -035 1.43 1.43 033 | 1.43 I. 39 
2 022 1.09 I.14 O2r | I .09 I.10 
22 .013 | 0.80 0.86 O12 0.80 0.84 
24 007 0.05 0.04 0000 0.04 0.62 
20 .0035 0.45 0.45 0033 0.44 0.44 
28 0.0017 ©. 30 0.3! 0.0010 0.30 0.30 


* To convert the a values to absolute units multiply by 4.00 - 10-3. 


contour graphically into the two components, but they are so nearly 
equal in intensity that it is sufficient to take half the measured 
equivalent width. It should also be mentioned that the A band over- 
lies an exceedingly weak band due to the O,6O,3 molecule. The con- 
tribution to the absorption is in any case negligible, but where it was 
possible to do so the contours were smoothed of the small peaks due 
to the fainter band. There are no difficulties with the B band, and 
here the R lines to R,(10) and R,(10) have been included. The meas- 
urements are given in detail in Table Ia. 

We are now in a position to compare these values with expression 
(8). The most convenient method of doing this is to plot log (W) 
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against log (a) when the points for each band should fall on straight 
lines of slope 3. The values of a for the successive lines of these ' 


TABLE Ia* 


B-BAND MEASUREMENTS 























P, BRANCH } P,; BRANCH 
J ree, Fe, Ere ee 7 ee _ 

at | Equiv. | Equiv. | at | Equiv. | Equiv. 

| Arb. Widths | Widths | Arb. | Widths | Widths 

| Units (Meas.) (Calc.) Units | (Meas.) | (Calc.) 

| s a | 
Oo | ° 053 ° 52 } fe) 49 | | 
2 | 098 68 67 0.062 | 0.53 | 0.53 
4 | 130 74 a7 095 63 } 07 
Of 144 78 81 118 70 73 
8. | 141 80 80 | 121 73 74 
10 | 125 75 75 111 73 71 
12 103 60 05 | 093 65 | 65 
BA. | 077 .50 (ne o7I 51 y, 
ro... | 054 41 50 | .050 50 48 
TS... .. 1.66 e! 035 0.39 40 | 033 0.37 39 
20.. whe 022 Blend 32 «| O21 Blend 31 
22. .013 0.24 7) O12 O23 24 
QA... 0.0070 0.19 0.18 | 0.0006 0.17 0.17 
ee $$$ ! = — a —EE 

R: branch R; branch 
pu mie ite jij (a | l l a 

2. .| 0.067 | 0.55 |} 0.55 | 0.027 | 0.33 | 0.35 
4. rr? | 7 1 .007 so. | 55 
6 | 141 | 80 | 80 | 109 | 70 70 
8 | JIRA | 83 83 | .126 S92 76 

| | | | * | 
10 | | “O.0a7 | ‘Oo74 | 10:70 


0.149 | 0.83 | 0.82 


* The line notation is that of Badger and Mecke, Zeitschrift fiir Physik, 60, 59, 1930, and differs from 
that used by Woolley. 
t To convert the a values to absolute units mu!tiply by 3.57-10—"4. 


'e —E/kT 


bands® are given in arbitrary units by the expression 7 , where 


i takes on the following values: 


BR. @=6/4,0/455+..3 Fs PERS, 4% 
Rs ] 


The a values of Table I and Ia have been calculated in this manner. 
A plot of log (W) against log (a) is shown in Figure 1, in which the 
points of the B band have all been translated laterally by an amount 


6W. H. J. Childs and R. Mecke, zbid., p. 344. 
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log (1/13.5)? in order to get them with the A band on a common 
straight line. The agreement with (8) is excellent; the points fall 
satisfactorily on a straight line, and the slope is 0.49. There can 
thus be no doubt that these bands are not an exception to the 
square-root law. 

It is possible, however, to apply to (8) a still more searching test, 
for by making use of the results of measurements® of the A band with 
small thicknesses of air (of the order of 13 m) we may, as mentioned 





log(W) 

















— 3.00 — 2.00 —1I.00 


log a 


Fic. 1.—o=A band; e =B band 


earlier in the paper, convert the relative values of a into absolute 
units. We are in effect extrapolating measurements on a 13-m layer 
to a layer 50 km thick. In spite of this, the extrapolated values are 
surprisingly good; they are a little too high, which may be due to 
inaccuracy in the determination of a, but it should also be remem- 
bered that o was assumed to have the kinetic-theory value 2.7 107% 
cm. By adopting instead a value 2.51 10° cm we obtain the calcu- 
lated values of W shown in Tables I and Ia. 

The satisfactory way in which (8) accounts for the measurements 
of equivalent widths suggests that (3) may be relied upon also to 
give truly the shape of a line. We are thus in a position to calculate 
the true widths of these lines, and to compare them with the 
observed values. Woolley’s measurements were made at points 

713.5 and 1 are the measured relative intensities of the two bands. See W. H. J. 
Childs, Philosophical Magazine, 14, 1049, 1932. 

8 Ibid. 
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where the intensity had fallen to three-quarters of the continuous 
background, so that we have to calculate from (5) the values of 
(v—v.) which give a, the value 0.29. Proceeding in this way, we 
can show that the true widths of these lines are given by 
(True width) ,;,=0.486 107(a + sec z)'/?cm™, | () 
=0.243 107(a + sec 2)'/? A.U. j ” 
This expression gives values in excellent agreement with observa- 
tion. For example, the widths calculated for the lines P.(o) and 
P,(6) are respectively 0.500 and 0.83 cm™. If the effects of finite 
resolving power (100,000) and slit width (0.03 mm) are assumed to 
be additive, the calculated values are increased to 0.76 and 1.09 
cm‘. The measured widths are 0.78 and 1.09 cm™. A comparison 
with Woolley’s values is somewhat difficult. Allowing only for the 
height of Mount Wilson and assuming that the other factors remain 
the same, the appropriate form of (9) is 


(True width) ,;,=0.390 107(a + sec z)'/? cm™ , 


re ae a ga) 
=0.195 107(a - sec z)'/? A.U. J (9 


The values calculated from this expression, without any allowance 
for finite slit width or resolving power, are appreciably larger than 
those given by Woolley. For example, the values observed for the 
line P,(14)—-P;(14) in the notation of this paper—corresponding to 
values of 1.7 and 9.8 of sec z are 0.101 and 0.214 A.U., respectively. 
The calculated values are 0.127 and 0.305 A.U., and when allow- 
ance is made for the corrections, the discrepancy is still larger. On 
the other hand, Woolley’s relative widths (Table V of n. 1) are in 
quite good agreement with (9g), and when treated as the equivalent 
widths of this paper have been treated in Figure 1 give a straight 


line of slope 0.52. 


The writer is indebted to the managers of the Royal Institution 
and the director of the Davy-Faraday Laboratory for the oppor- 
tunity they have provided to undertake this work. 

Davy-FARADAY RESEARCH LABORATORY 
ROYAL INSTITUTION 
November 11, 1932 





A NOTE ON THE PERIODS OF THE Be SPECTRUM 
VARIABLES H.D. 20336 AND 52 7 AQUARII 
By DEAN B. McLAUGHLIN 
ABSTRACT 
Attention is called to Lockyer’s period of 1568 days for H.D. 20336, overlooked in 
preparing R. H. Curtiss’ work for publication. The agreement between the Ann Arbor 
and the Sidmouth observations is close, and the agreement of phase of curves determined 


at places of such different longitude proves that the period is actually about 1600 days, 
and not close to 1 day. 


For m Aquarii, curves of emission ratio V/R and of velocities of hydrogen absorption 
and emission are given. These show large irregular variations, and V/R is closely corre- 
lated with velocity throughout the series of observations. The irregularity of the 
changes rules out any explanation in terms of binary motion. Attention is called to the 
fact that changes of V/R anticipate slightly the corresponding changes of velocity. 

In the Publications of the Observatory, Uniwersity of Michigan, 4, 
No. 12. the work of the late Director R. H. Curtiss on the star 
H.D. 20336 has been published, edited by the writer. Reference was 
there made to a paper on the spectrum of that star by W. J. S. 
Lockyer,’ in which a period of 1.4 years was announced, which 
obviously did not satisfy the long series of observations at Ann 
Arbor from which a period of 1656 days was derived. The writer re- 
grets having overlooked a valuable later paper by Lockyer,’ in which 
a period of 1568 days was given, based on observations over some- 
what more than a cycle of the variation. The criticism of Lockyer’s 
earlier work was therefore unwarranted, and apology is here made 
for the oversight. 

It is gratifying to see how closely the Sidmouth and Ann Arbor 
observations agree. It was pointed out in Curtiss’ paper that in 
both 8 and Hy the violet component reached a slightly greater 
maximum intensity than the red component—a fact which is clearly 
evident from Lockyer’s curve based on wedge measures. The irregu- 
larity of the descending branch of Lockyer’s curve cannot be readily 
compared with the Ann Arbor observations in that cycle (1925- 
1930) as the Ann Arbor plates are not very numerous in that par- 


* Monthly Notices, 86, 607, 1926. 


2 Ibid., 91, 215, 1930. 
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ticular part of the curve in question. Bearing in mind that Lockyer’s 
plot is the inverse of the Ann Arbor curve, we can see slight indica- 
tions of a similar Stz//stand in the mean curve obtained here. Even 
on the point of a difference of 88 days in the period the agreement is 
good, for the cycle in question is quite clearly shown by the Ann 
Arbor plates to have been shorter than the average. 

In particular, an outstanding result of a comparison of the two 
series of observations is the reality of the great length of the cycle. 
Whenever a period of some hundreds of days is found for a spectro- 
scopic binary or a variable star, there is good cause for an astronomer 
to be haunted by the specter of a period barely greater or less than a 


TABLE I 
DaTEs (J.D.) 
PHASE Se pelo 
Sidmouth | Ann Arbor 
RODE 250s anche ace dea 2423480 | 2423500 —20 
V)))R. ae 24333 | 24300 | +33 
V=R 24804 | 24800 + 4 
ees oir ence Shs tees 25063 | 25150 | —87 
CZ, (Sn een eee 25520 | 25500 +20 





day. Thus, an apparent period of 500 days might be purely illusory, 
and due to a real period of 1.002 or 0.998 days. In many cases the 
question can be settled by taking observations at widely different 
hour angles, but frequently such observations can be exasperatingly 
noncommittal. But if observations at points widely different in 
longitude agree, not only on the length of period, but upon the phase 
of the variation, then the ghost can be laid once and for all. 

Lockyer gives the dates of greatest inequalities and equalities of 
the emission components. These appear in the second column of 
Table I. The fifth date was read from Lockyer’s curve by the writer. 
Dates of these same phases read to the nearest 50 days from the Ann 
Arbor curve appear in the third column. The fourth date occurs on 
the most uncertain part of the Ann Arbor curve of that cycle. The 
differences of the dates are given in the fourth column. They are 
obviously accidental in character, and we may regard the curves as 
being definitely in phase, within the errors of observation. 


PERIODS OF TWO SPECTRUM VARIABLES 2 


tN 
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Since the difference in longitude between Sidmouth and Ann 
Arbor is more than five hours, if the true period were close to a day 
the two curves should be out of phase by nearly one-quarter period. 
We can therefore conclude that there is no ground whatever for a 
suspicion that the long periods of this and other Be variables are 
not real. 

The Ann Arbor material on H.D. 20336 is now in the hands of 
Miss Losh, who is carrying out a detailed study of the spectrum and 
the velocity variations. 

The star H.D. 20336 is much more regular than most of the Be 
variables on the Ann Arbor program, but it is very probable that it 
is subject to some irregularity in length of cycle. This point has been 
discussed in the paper of Curtiss already referred to. The disagree- 
ment of Lockyer’s period with the mean period found at Ann Arbor 
appears to confirm the suspicion of irregularity. Positive evidence 
was given, in Curtiss’ paper, for a large departure from periodicity 
exhibited by 25 Orionis, which showed one cycle only about 1200 
days in length, as contrasted with two earlier cycles of about 1800 
days each. The spectrum of this star is now being measured in detail 
by Miss Helen Dodson. 

The Be variable 7 Aquarii was studied by the writer* and, based 
on plates from 1924 to 1930, a period of 1900 days was suggested, as 
contrasted with one of about 1200 days by Lockyer, although it was 
recognized that this star is “less regular than 25 Orionis.” Later 
plates, in 1931, showed that the period of 1900 days was not being 
followed at all. A description of the spectral changes in that year 
has been given by the writer.4 Plates taken in 1932 gave still another 
surprise and forced the writer to conclude that probably 7 Aquarii 
is purely irregular in its variations. 

The results of observations from 1924 to the end of the observing 
season of 1932 are plotted in Figure 1, where the curves from top to 
bottom are: the emission ratio V/R for HB and Hy, the measured 
velocity of the Hy emission (the mean of the measures on the outer 
edges of the emission components), and the velocities of the Hy 


3 Publications of the Observatory, University of Michigan, 4, 41, 193. 


1 Tbid., p. 190, 1932. 
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and H6 central absorption lines. The plotted points are normal 
places, each depending upon several spectrograms. 

If there were any doubt as to the reality of the correlation of 
emission structure and apparent radial velocity, it should be dis- 
pelled by the close similarity of these five irregular curves. It would 
not be surprising, perhaps, to find the emission ratio alone subject 
to irregular variations, but when the velocity undergoes irregular 
changes which are so closely correlated with those of the emission, 


1925.0 26.0 27.0 28.0 29.0 1930.0 31.0 32.0 33.0 
Ratio T T T T T T T T T 
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Fic. 1.—Curves of emission-intensity ratio, and of emission and absorption veloci- 


ties, for  Aquarii. 


the proof is complete. The writer’ has pointed out that this correla- 
tion cannot be due to a photographic effect due to the great strength 
of one emission component, since the outer edge of that component 
moves in the same direction as its inner edge—that is, the emission 
moves with its central absorption. We must conclude from these 
observations that we are not dealing with a phenomenon due to 
orbital motion in a binary system. Since binary motion fails so 
dismally in two cases (25 Orionis and 7 Aquarii), we must abandon 
it entirely as a general explanation of Be spectral changes. 

One further point appears worthy of mention in regard to the curves 


5 Tbid., p. 48, 1931. 
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, in Figure 1. Comparing the trend of the changes in 1929, 1931, and 
' 1932, it is seen that the changes of the emission ratio clearly antici- 


pate slightly the changes of velocity. Similar behavior is shown in 
the writer’s® plot of observations of 25 Orionis. This is a fact which 
is probably of great significance in the interpretation of these varia- 
tions. If the changes are due to motions within the atmosphere of the 
star, and if, as seems reasonable, the emission originates nearer to 
the star than the central absorption, then whatever disturbance 
occurs begins within and works outward. In a future paper the writer 
expects to elaborate the details of this hypothesis.’ 
THE OBSERVATORY 
UNIVERSITY OF MICHIGAN 
December 1932 


6 Tbid., p. 42. 7 An abstract appears in Science, N.S., 76, 520, 1932. 











ON A LINE AT \ 4470 IN THE SPECTRUM 
OF 21 AQUILAE 
ABSTRACT 


There is a line at \ 4470 in the spectrum of 21 Aquilae (B8) which agrees in wave- 
length with the forbidden He line at that position. On some plates the line is almost 
as strong as the permitted line of Het at » 4471. 

The line He I 4471 in the spectrum of the B8 star 21 Aquilae has 
been reported' as being variable in intensity. The characteristics of 
variation are not yet known. On several plates of the star a line is 
present close to He I 4471 which is at times almost as strong as the 
latter line. Measures of its position on the two best plates give a 
mean wave-length of 4469.79 A. The forbidden companion to He 1 
4471 was found by Struve, from measures in early B-type dwarfs,’ to 
have a wave-length of 4469.92 A. The forbidden line has not been 
observed in spectra of types later than B5. From the relative inten- 
sities of the two lines in 21 Aquilae it would seem extremely improb- 
able that the violet component could be the forbidden helium line, 
since the two lines are very different in intensity, both in the labora- 
tory and in the stars. There is, however, no other identification that 
can be made. The spectrum of 21 Aquilae has few lines, and the 
possibility of an unknown line in this position is slight. It is hoped 
that a series of spectrograms of the star can be obtained next season 


for the study of its peculiarities. 
W. W. MorGan 


January 30, 1933 


VARIABILITY OF Ha IN RIGEL 
ABSTRACT 
Ha em. and Ha abs. are variable in the spectrum of B Orionis. 
The bright line Ha, recently detected in Rigel, is variable in in- 
tensity. The absorption component, which is always much weaker 


* Astrophysical Journal, 76, 275, 1932. 
2 Ibid., 74, 247, 1931. 3 Astrophysical Journal, 77, 67, 1933. 
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than H®a, varies from a fairly strong, sharp line to complete invisi- 
bility. The bright line is always present on the red side, but its in- 
tensity varies; occasionally there is a faint violet emission line. The 
variation may be related to the periodic changes in velocity.’ The 
plates, which were taken at the Perkins Observatory, are listed in 
Table I. 

TABLE I 


DESCRIPTION OF Ha 
| 











Date IN U.T. | “ ae 
| Red Emission Violet Emission Absorption 
1932 Dec. 19.16....| Faint, sharp | Absent | Fairly strong, 
| | sharp 
29.21....| Faint Absent Diffuse, faint 
1933 Feb. 2.07....| Strong Faintly present | Absent 
13.060....| Fair Absent Diffuse, faint 
27.02....| Strong Absent Diffuse, stronger 
O. STRUVE 


F. E. Roacw 


NOTE ON THE SPECTRUM OF B.D.+33°1008 
AURIGAE 
ABSTRACT 

Variations in the intensity of several lines (notably \ 4472) in the spectrum of 
B.D.+33°1008 Aurigae are described. 

The spectrum of B.D.+33°1008 Aurigae (a = 5124, 6 = +33°39’ 
[1900]; vis. mag. 5.39) is classed as Aop by the Henry Draper Cata- 
logue with the remark that the lines 4128 and 4131 are strong. Dur- 
ing an examination of single-prism spectrograms taken with the 
Bruce spectrograph attached to the 40-inch telescope of the Yerkes 
Observatory, the absorption line He \ 4472 in the spectrum of this 
star was strongly suspected of changing from almost complete ab- 
sence to an intensity easily visible. Eight more spectrograms were 
obtained, and a closer examination of the plates indicates that in ad- 
dition to \ 4472, lines at AX 4233, 4267, 4391, 4395, 4481, and 4740 
may also be variable. ; lee , 

. CHRISTINE WESTGATE 
tJ. S. Plaskett, ibid., 30, 26, 1900. 
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Mathematical Tables, Vol. If: Emden’s Functions, Being Solutions 
of Emden’s Equation Together with Certain Associated Functions. | 
Prepared by the COMMISSION FOR THE CONSTITUTION OF THE : 
STARS OF THE INTERNATIONAL ASTRONOMICAL UNION AND THE 
BRITISH ASSOCIATION COMMITTEE FOR THE CALCULATION OF 7 
MATHEMATICAL TABLES. 1932. Pp. 34. 

In his Gaskugeln, published in 1907, Emden derived the differential 
equation of polytrope gas spheres. A polytrope gas sphere is a spherical 
mass of perfect gas, homogeneous in concentric layers, in hydrostatic 
equilibrium, for which a gas element, in moving from the center to the 
circumference and always in equilibrium with the spherical shell in which 


Ci 


it happens to be, has a constant heat capacity. 
The differential equation, in the notation of the present volume, is 
d*y _2dy 
dx? x dx 


+y"=0 ; 


and the only solutions which are of interest in the theory are those that 
pass through the point o, 1 with a zero slope, or tangent to the x-axis. This 


ee ee 


restriction upon the admissible solutions makes it possible to tabulate the 
values of y and its derivatives for given values of x and m, and such tables 
were given by Emden! for certain values of 7 between o and 6. Emden’s 










F 
values were given to five places, in general. In the present tables the iz 
€ 
values are given to seven places, and it would seem that Emden’s tables ‘ 
are frequently in error in the third place. " 
The values of » for which the function is tabulated are | 
; 
*34567830 
t= ee SP § -=9 5) 5) ’ ? ° 

a" sos" a's" 3 2" 2 





For n=1 and m=5 the differential equation can be integrated. The work 
for the other values of 7 was carried out by J. C. P. Miller, Isaac Newton 
student at the University of Cambridge, and D. H. Sadler, of H.M. Nau- 
tical Almanac Office under the direction of L. J. Comrie. The source from 
which the tables come would seem to guarantee their accuracy. 

The volume is convenient and attractive, and will be of great value to 


those who are working with polytrope gas spheres. 
W. D. MAcMILLANn M 


UNIVERSITY OF CHICAGO if 










December 24, 1932 






™Op. cit., pp. 78 ff. 





